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Abstract 

Nowadays, ethene is produced through steam cracking of naptha, which is a fraction of crude 

oil obtained after its distillation. Ethene is an important basic chemical for the chemical industry, 

but due to decreasing reserves of crude oil an alternative feedstock is required. The oxidative 

coupling of methane (OCM) is a promising reaction for ethene production. Natural gas, which 

contains high amounts of methane, offers a new feedstock for the chemical industry. Further 

methane containing gases, such as shale or bio gas, can be utilized for that process, too. Many 

catalysts have been investigated so far, but due to several reasons a technical realization on an 

industrial scale is hard to realize. On the one hand a highly active, selective and stable catalyst 

is needed. On the other hand there is a strong contribution of gas phase side reactions, due to 

co-feeding of methane and oxygen at high temperatures, which requires an adequate reactor 

concept to achieve high ethene yields. 

In the presented thesis, OCM reactions were carried out on Na2WO4/Mn/SiO2 catalysts in 

absence of gas phase oxygen to clarify the surface reaction network. Temperature programmed 

surface reaction (TPSR) experiments with methane, ethane, and ethene were carried out to 

study their interaction with the catalyst material. Furthermore an activation energy for the 

selective methane activation was calculated using the Redhead method. Dynamic experiments 

at constant reaction temperature indicate that for the Na2WO4/Mn/SiO2 catalyst strongly bound 

oxygen is involved in the OCM process, which can survive several hours under OCM conditions 

at the catalyst surface. Based on these results a chemical looping setup was constructed, which 

allows to dose the reactants separately in defined amounts. In our studies, we found that the 

OCM yield is limited to 25 %, which is caused by the catalyst material itself. Further 

investigations of differently loaded Na2WO4/Mn/SiO2 catalysts by repetitive pulse experiments 

reveal a correlation between the stored amount of oxygen and the manganese content. For the 

chemical looping concept we found operation conditions which enable to convert methane more 

efficiently than in the classical co-feed mode. Additionally to the kinetic investigations an 

upscaling concept was proposed.   
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1 Introduction 

1.1 Motivation 
According to the forecast by Owen et al., the demand for crude oil will raise during the next 

decades by about 40 Bill. barrels. [1] Concurrently, the remaining and newly discovered oil 

reserves can cover the demand until the end of this century. The main utilization of crude oil is 

energy generation (93 %) and minor amounts (7 %) are used for the production of chemicals. 

[2] Most of our daily used products are based on these chemicals. Especially plastics, lacquers, 

surfactants and basic chemicals, which are further converted to pharmaceuticals, fertilizers and 

textile-pulps contribute to the daily life in our highly technologized society. One of the most 

important plastics is polyethylene, which is widely used for films, pipes, and for wire or cable 

insulations. [3] The preferred production of the monomer ethylene is carried out by the steam 

cracking process. [4] Therefore, an alternative production route based on a new feedstock 

seems to be necessary to overcome the high dependence on crude oil, covering further ethene 

request in the future. 

Methane is the main compound in natural gas, which is widely used for energy production, 

nowadays. [5] One promising reaction to convert methane into C2 building blocks is the 

oxidative coupling of methane (OCM) which was first published by Keller and Bhasin in 1982. 

[6] The overall reaction is given in equation (1). 

 x CH4 + y O2 →  a C2H6 + b C2H4 + c CO2 + d H2O + e CO (1) 
   

The reaction requires methane, which is converted by a catalyst into methyl radicals. These 

radicals can couple to ethane, which can be further dehydrogenated to ethene. [7] Thus, the 

oxidative coupling of methane is a promising route to convert natural gas into valuable 

compounds for chemical industry, which is independent from crude oil. 

1.2 Mechanistic aspects 

1.2.1 Gas phase reaction network 
The thermal coupling process of methane is thermodynamically limited, because of its highly 

endothermic nature in absence of oxidizing agents. The use of oxidizing agents leads to an 

exothermal reaction enthalpy, which does not limit the methane conversion by thermodynamics 

anymore. [8] The methane molecule itself has the strongest C-H bond strength in comparison 

with other alkanes, which means that a high activation barrier has to be overcome for methane 

activation. Therefore the OCM reaction is typically performed above 700 °C. [9] Unfortunately, 

these high temperatures cause unselective reactions of methane and oxygen, forming deep 

oxidation products. Those side reactions are strongly exothermic and decrease the selectivity of 

C2 compounds in several ways as shown in Table 1. The use of oxygen as oxidizing agent has 

the consequence that not only methane is converted into COX. Also the C2 products are affected 
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by consecutive oxidation reactions which lead to the formation of further deep oxidation 

products and strong heat generation. Further, it has to be considered that there is a competition 

between methane molecule activation on the catalyst surface and in gas phase caused trough 

the harsh reaction conditions. Therefore not only the catalyst contributes to the conversion of 

methane. 

Table 1: Reaction enthalpies of important reactions in the OCM process [10] 

No. Reaction 𝚫𝚫𝑹𝑹𝑯𝑯 (kJ/mole) 

1 CH4 +
1
2

O2 → C2H6 + H2O -177 

2 CH4 + 2 O2 → CO2 + 2 H2O -803 

3 C2H6 +
1
2

 O2 → C2H4 + H2O -103 

4 C2H6 +
7
2

 O2 → 2 CO2 + 3 H2O -1429 

5 C2H4 + 3 O2 → 2 CO2 + 2 H2O -1323 

 

As mentioned before, the primary role of the catalyst material is the cleavage of a C-H bond in 

the methane molecules. These radicals are highly active and couple to ethane molecules. Other 

radical intermediates formed by activation of different molecules in gas phase or on the catalyst 

surface are also involved. Dooley and Coworkers published a mechanism for manifold gas 

phase reactions, considering around 1600 reactions and 280 intermediates. [11] Their reaction 

mechanism was verified by Schwarz et al. in a profile reactor which allowed to study the local 

gas composition of the gas feed by a sampling capillary. [12] A sensitivity analysis of that 

reaction network was carried out by Mavlyankariev. [13] He found that the initiating gas phase 

reaction steps are induced by the reactions between methane and oxygen which form methyl 

and hydroperoxyl radicals. Hydroperoxyl radicals and similar oxygen radicals contribute to 

further unselective reactions by activation of alkanes or alkenes or their radical intermediates. 

Especially ethane and ethene molecules are highly sensitive for further oxidation reactions. 

Zanthoff and Baerns pointed out that a scavenger material for HO2•, OH• and O: radicals seem 

to be necessary to prevent total oxidation routes in gas phase after successful coupling of 

methyl radicals. [14] Another important intermediate is formaldehyde which is highly active for 

further radical formation by its decomposition into H• and HCO• radicals. These radicals 

contribute to other radical reaction steps, which preferably lead to deep oxidation product 

formation. The origin of H2CO is basically the coupling process of methyl radicals with different 

oxygen species. However, these gas phase reactions contribute to the limitation of the C2 yield, 

which was presented by Zavyalova et al. for several catalyst materials. [15] For the application 

of the OCM process in chemical industry, a C2 yield about 30 % is necessary for economical 

ethene production. [16,17] It has to be noted that such cost estimations are strongly dependent 

on the current market prices of methane and ethene.  
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1.2.2 Catalyst materials 
A large number of active materials for the OCM reaction was presented by Bhasin and Keller, 

later reviewed by Baerns and Hutchings et al. [18–20] They suggested as most promising 

material MgO. One important factor, besides catalytic activity for the OCM process, is the long 

time stability of the catalyst material. It was demonstrated that several highly active materials, 

performing the OCM reaction under harsh conditions, tend to deactivate in time on stream 

experiments. [21] One well-known catalyst material is the Li/MgO system, which was reviewed 

in detail by Arndt et al. [8] That catalyst material tends to loose Li in time on stream experiments 

and its catalytic activity correlates with the number of steps or edges. [22] Therefore the OCM 

activity of this material has a strong sensitivity on its morphology. A proposed mechanism is the 

methane adsorption and coordination at a dehydroxylated step. The methane molecule is than 

polarized and the C-H bond is cleaved by an O2 molecule from gas phase, which forms an HO2• 

radical. [23] One important aspect is that the knowledge about the MgO material provides the 

opportunity of Density Functional Theory (DFT) calculations for a mechanistically understanding 

of the OCM process. Kwapien et al. presented a model for a MgO cluster, which involves 

several oxygen species on the catalyst surface for methane activation. [24] That fact indicates 

that simplified kinetic models, as Langmuir Hinshelwood or Eley Rideal, for that material are not 

able to predict the reaction progress in different reactor systems. This is because the oxygen 

dosing strategy of the feed and the reactants dispersion may influence the presence of these 

species. Therefore the contribution of the catalyst material to the OCM reaction may differ, 

because the nature of different oxygen ions or radical species is very different. That will be 

discussed later. Unfortunately, Korf et al. demonstrated that the Li/MgO catalyst is not stable in 

time on stream experiments. [25] 

Another well-known catalyst material is La2O3. To reach high catalytic activity, lanthan-oxy-

carbonates have to be formed by the adsorption of CO2 on the catalyst surface. The insertion of 

CO2 molecules dopes the toplayer structure of the catalyst material. That was proven in 

experimental studies by Fourier transform infrared spectroscopy (FTIR). [26,27] However, there 

is a debate about the involvement of several oxygen species on the catalyst surface, which 

contribute to the OCM surface reaction network for that material, too. The first discussion about 

methane interaction with different oxygen intermediates was presented by Kaliaguine et al. [28] 

All discussed oxygen species on the catalyst surface are presented in equation (2). 

 O2
 
(g) O2

 
(ads) O2

-
O2

2- O
-

O2-+ e
-

+ e
-

+ e
-

 
(2) 

For lanthanum oxide it was proposed that superoxide species (O2
-) are responsible for selective 

methane activation. [29] Lacombe et al. discussed the contribution of the “working surface” for 

the La2O3 catalyst. [30] They concluded that especially the formation of deep oxidation products 

is highly sensitive for low coordinated surface sites. The origin of low coordinated surface sites 

is the selective activation of methane. Therefore a selective activation of methane creates the 

active site for the unselective reaction. Palmer et al. demonstrated by DFT calculations for a 

lanthanum oxide cluster that O- is the most active oxygen species for selective methane 
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activation. [31] Unfortunately, O- is hard to detect in Electron Paramagnetic Resonance (EPR) 

spectroscopy studies, because of its instable nature in comparison to the superoxo- and 

peroxo-intermediates. [32] Ferreira et al. demonstrated by doping of the lanthanum oxide with 

ceria that the activity and selectivity is enhanced in comparison to the standard lanthanum 

oxide. In their X-ray photoelectron spectroscopy (XPS) studies they proposed that O- is 

responsible for such findings. It has to be noted, that the O- species is preferably bound close to 

the ceria ions. [33] A similar enhancement effect was observed by doping of the MgO catalyst 

with iron ions. [34] It was demonstrated through an experimental and theoretical study that the 

oxygen adsorption on doped surface areas of CaO with molybdenum follows the reaction 

pathways according to equation (2). [35] Thus, the involvement of several oxygen species on 

the catalyst surface of various active materials in the OCM reaction is an important aspect. 

Although the La2O3 system allows for a stable performance in time on stream experiments, the 

C2 yield is limited. [36]  

Another well-known high performance catalyst material for the OCM reaction is the 

Na2WO4/Mn/SiO2 system. The active phase contains Na2WO4/Mn and is deposited on a silica 

support material. That system was first presented by Fang et al. [37] It was reported by different 

groups that the material has a stable performance for several hundred hours in time on stream 

experiments. [38–41] Furthermore, a material benchmark was carried out in an OCM mini-plant, 

performed in a fluidized bed reactor, with different doped lanthanum oxide systems and the 

Na2WO4/Mn/SiO2 catalyst. [42] In that study it was reported that the Na2WO4/Mn/SiO2 catalyst 

showed the best overall performance. This catalyst is mostly prepared by incipient wetness 

impregnation methods, because of less experimental effort compared to the sol-gel and the 

mixed slurry method. All preparation methods showed comparable catalytic performance and 

stability. Major phases, found in X-ray diffraction spectroscopy (XRD), are Mn2O3, Na2WO4 and 

α-cristobalite (SiO2). [43] Unfortunately, this catalyst has several complex material properties 

and tremendous dependency on compound composition. It was reported that the phase 

transition of the support material into α-cristobalite is induced by Na+ ions, which is absolutely 

necessary for a high performance of this catalyst material. [44] As consequence there is a 

dramatic shrinkage of the specific surface area (SSA). Furthermore, the active phase 

(Na2WO4/Mn) undergoes surface reconstruction and has strong interactions between the 

support and the transient metal oxide. [45] The highest catalytic performance was reported for a 

composition of 5 wt-% Na2WO4 and 2 wt-% Mn(II). [39,45,46] Kou et al. studied this catalyst with 

X-ray absorption fine structure (XAFS) and XPS. [47] They reported that the surface of the fresh 

catalyst material, enriched by oxygen during a calcination procedure, exists as an amorphous 

phase which contains dispersed tungstate and manganese oxides. Their findings were 

confirmed by Gholipour et al., who carried out a variation of the sodium ion by different alkali 

metal ions. [48] They concluded that the alkali ion enables the structural flexibility of the active 

phase on the catalyst surface, which is highly active and selective. Nipan calculated a 

theoretical phase diagram, which considers several phases of the Na2O–WO3–Mn2O3–SiO2 

system and its ability to form a quasi-liquid active surface on the support material. [49] This 
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aspect enables the ability of an oxygen spillover reaction between Mn2O3 and Na2WO4. In 

principle, that reaction is a redox mechanism between Mn(III+) and W(VI+). [50,51] Such spill-

over effect enhances the OCM activity of the Na2WO4/Mn/SiO2 system more than three times 

compared to the Na2WO4/SiO2 system, which cannot perform such a reaction. The oxygen-

spillover effect is very sensitive to the manganese oxide oxidation state, which shows also the 

highest activity in comparison with other transient metal ions. [52] It was reported that also a 

high dispersion of Na2WO4 and Mn on the support material enhance the catalytic activity. [53] A 

better distribution of these compounds could improve the reaction rate of the oxygen-spillover 

reaction. 

1.2.3 Reaction network and kinetic models 
Lunsford and Coworkers proved that the ethane formation process undergoes methyl radical 

coupling and many groups contributed to the development of a surface reaction networks with 

big effort for several catalyst materials.  [54] One of the first mechanisms for selective methane 

activation was postulated by Lunsford and Coworkers for the Li/MgO catalyst. [55] They 

adapted the assumption of Ito et al., who proposed (Li+O-) as active centers. [56] The center is 

involved in the hydrogen abstraction reaction of a methane molecule, which is then converted 

into 2(Li+O-)H and finally reduced to Li+O2-. Thereafter, it is reoxidized by gas phase oxygen. 

Sinev discussed several mechanisms for C-H bond cleavage on the catalyst surface [57] and he 

discussed the reoxidation process of the active sites in detail. He proposed that the oxidative 

dehydrogenation in steady state experiments of the formed hydroxyl groups is the dominant 

reoxidation step. Korf et al. suggested the participation of surface carbonates, which contribute 

to the selective activation of methane. [25] Hutchings and Coworkers studied MgO, Li/MgO and 

Ag/Al2O3 catalysts materials by use of different oxidant agents. [58] They suggested that O- 

radical ions are the oxygen species for selective methane activation, but due to a very short life 

time under OCM conditions the analytical prove of this species is difficult. Furthermore, they 

could show that two active oxygen species on the Li/MgO surface contribute to selective and 

unselective methane activation. [59]  

As discussed above, the contribution of gas phase reactions and the presence of several 

oxygen intermediates on the catalyst surface increase the experimental effort and complicate 

the calculations of reliable kinetic data. Based on the available data a variety of surface reaction 

networks and kinetic models have been developed. [60–65] One well-known micro kinetic 

network was presented by Sun and Thybaut for a Li/MgO catalyst, which considers gas phase 

reactions and reactions on the catalyst surface. [66] A comparable model was presented by Lee 

et al. for the Na2WO4/Mn/SiO2 catalyst. [67] Both surface reaction models are presented in 

Table 2. It is shown that both networks follow similar reaction pathways despite the different 

nature of the catalyst materials. Gas phase oxygen is adsorbed by dissociation on a free active 

site (V*) of the catalyst surface and is converted into an active oxygen species (O*). Methane is 

activated by C-H bond cleavage by that oxygen species and methyl radicals are produced. 

Further alkanes and alkanes are activated in a similar reaction step, which produces radical 

intermediates. Methyl radicals and CO are further oxidized to alkoxides and CO2.  
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Table 2: Comparison of reaction networks on the catalyst surface of Li/MgO and 

Na2WO4/Mn/SiO2 catalyst 

No. Lee et al. [67] Sun et al.  [66] 
1 O2 + 2 ∗ V ⇄ 2 O ∗ O2 + 2 V ∗ ⇄ 2 O ∗ 
2 CH4 + O ∗ ⇄ CH3 ∙ + OH ∗ CH4 + O ∗ ⇄ CH3 ∙ + OH ∗ 
3 C2H4 + O ∗ ⇄ C2H3 ∙ + OH ∗ C2H4 + O ∗ ⇄ C2H3 ∙ + OH ∗ 
4 C2H6 + O ∗ ⇄ C2H5 ∙ + OH ∗ C2H6 + O ∗ ⇄ C2H5 ∙ + OH ∗ 
5  2 OH ∗ ⇄ H2O ∗+ O ∗ 
6 

         CH3 ∙ +3 O ∗ ⇄ HCO ∙∗  +2 OH ∗  �  
CH3 ∙ +O ∗ ⇄ CH3O ∙∗ 

7 CH3O ∙∗+O ∗ ⇄ CH2O ∗ + OH ∗ 
8 CH2O ∗+O ∗ ⇄ HCO ∙∗ + OH ∗ 
9 HCO ∙ ∗ +O ∗ ⇄ CO ∗ + OH ∗ HCO ∙∗+O ∗ ⇄ CO ∗+ OH ∗ 
10 CO ∗  +  O ∗ ⇄ CO2 ∗  + V ∗ CO ∗  +  O ∗ ⇄ CO2 ∗  + V ∗ 
11  CO + ∗ ⇄ CO ∗ 
12  CO2  + ∗  ⇄ CO2 ∗ 
13 2 OH ∗ ⇄ H2O + O ∗  + V ∗ 4 HO2 ∙ → 3 O2 + 2 H2 
 

However, the contribution of several oxygen intermediates on the catalyst surface was 

proposed in recent experimental works, by use of different oxidizing agent (O2 and N2O). [68,69] 

It was demonstrated by use of different oxidizing agents, which were nitrous oxide and 

molecular oxygen that the catalytic activity is decreased but C2 selectivity is drastically 

increased. In dynamic experiments, the use of CO2 as oxidant for the Na2WO4/Mn/SiO2 catalyst 

also shows extremely high C2 selectivity of about 95 % at 5 % methane conversion. [70] 

Comparable effects were shown by Takanabe and Iglesia, who co-fed water to the reactant 

mixture at the reactor inlet. [71] They pointed out that also OH• radicals contribute as selective 

oxidants to the selective methane activation on the catalyst surface. Beck et al. demonstrated in 

temporal analysis of products (TAP) experiments that weakly adsorbed oxygen intermediates 

contribute to the unselective activation of methane on MgO and Na2WO4/Mn/SiO2 catalysts, 

while a strongly bound oxygen species is responsible for the selective methane activation. [72] 

The contribution of several oxygen intermediates to the catalyst activity is well-known for 

systems as formaldehyde or ethylene oxide production. [73,74], but not  for the OCM reaction. 

Therefore, experimental methods are required to investigate the contribution of all oxygen 

species on the catalyst surface. Furthermore, it is necessary to understand how all these 

species are formed and interact with other compounds during the OCM reaction. 

1.3 Engineering aspects 

1.3.1 Process engineering aspects 
As mentioned in the last section, one important aspect of the OCM reaction is the strong 

exothermic reaction enthalpy and the contribution of gas phase reactions which leads to the 

formations of hotspots. Several experimental techniques exist to avoid hot spot formation or 

handle the hotspot temperature during OCM reaction. Kooh et al. optimized the steady state 

conditions for C2 yield maximization with a La2O3 catalyst, dealing with hot spot formation. [75] 
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They found that high linear space velocities and high temperatures are beneficial for the OCM 

reaction. Such conditions avoid back mixing of C2 products to the catalyst bed, which can 

activate these products again. Further oxidation reactions would lead to the formation of deep 

oxidation products. Furthermore, ethane should be quickly dehydrogenated to ethene, because 

in comparison to ethane it is more resistant against oxidation reactions. Wolf et al. 

demonstrated that also the heat conductivity of the catalyst bed is essential to remove the 

reaction heat from the catalyst zone. [76] The complex interplay of gas phase and catalyst 

surface reactions is highly influenced by the temperature profile in the OCM reaction. Therefore, 

an up-scaling of an OCM reactor is very challenging. However, there are several publications 

which present process engineering aspects such as modeling of reactor concepts and up-

scaling. [40,77–79] Furthermore, large amounts of the catalyst are needed for an industrial 

relevant scale. An up scaled synthesis method for large batches of Na2WO4/Mn/SiO2  catalysts 

was presented by Simon et al. [41] The catalyst was made by sprayed impregnation in a 

fluidized bed reactor and showed stable performance in time on stream experiments. The 

cluster of excellence “Unifying concepts in catalysis” (UNICAT) presented the successful 

development and operation of an OCM mini-plant. [80] The OCM reaction was performed in a 

fluidized bed reactor with Na2WO4/Mn/SiO2  and La2O3/CaO catalysts achieving a C2 yield of 

19 %. [42]  

Another important aspect of the OCM reaction is the separation process of the product stream. 

Godini et al. analyzed different separation concepts and made cost estimations of a hypothetical 

plant which produces 240 000 tons ethylene/year. [81] One of the most costly operations is the 

separation of ethylene from ethane, which is caused by energy intensive cryogenic rectification. 

Several separation processes were discussed to separate the unconverted methane and deep 

oxidation products first. That would reduce the amount of the total product stream for cryogenic 

rectification dramatically. Also the adsorption of methane, hydrogen and CO directly after the 

OCM reactor improves the operation of that plant, with decreasing of the operation costs. 

Another idea for the separation of ethylene is a chemical reaction to convert it directly to 

polymers or to Ethylbenzene, which was presented as the ACRO or OXCO process. [82,83] 

Besides these aspects, different types of reactor concepts were tested to overcome the 

limitations of the C2 yield. Kruglow and Coworkers presented the operation of a countercurrent 

moving bed reactor. [84] The idea of this concept is to remove C2 products from the feed stream 

during increase of methane conversion. That was carried out by reaction columns and 

separation columns. In the first stage small amounts of methane were converted and C2 

products were separated in the separation column. The rest of the feed was send to the next 

reaction column, which proceeds the conversion of methane. The C2 products of that run were 

separated again and the rest of the feed was send to the next stage and so on. They were able 

to reach methane conversions of 75 % with a C2 yield of 55 %. Hu et al. presented a dual 

catalyst, fixed bed reactor for a simultaneous production of ethene and syngas. [85] The yield 

for CO + C2H4 was 18.5 %. Godini et al. presented a membrane reactor concept for the OCM 

reaction. [86] Oxygen is dosed in small amounts through a porous ceramic reactor wall to the 
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catalyst fixed bed section, which is constantly fed with methane. That technique allows 

encountering gas phase reactions, induced by gas phase oxygen, and 25.5 % C2 yield were 

reported.  

Recently, Siluria Technologies presented a full operational plant, which is aimed to convert 

natural gas into liquid hydrocarbons economically, performing the OCM reaction even with 

limited C2 yield. [87] However, their process concept depends strongly on very cheap methane 

prices. 

1.3.2 The chemical looping process concept 
The first publication about chemical looping was reported by Hurst in 1939. [88] The 

Messerschmitt Wasserstoffgas-Generator was the pioneer setup to produce hydrogen by use of 

steam and iron by that concept. Further development of that technology offers several types of 

application. The main research fields are chemical looping combustion (CLC) and Chemical 

looping reforming (CLR). [89] The general process concept is presented in Figure 1. A reduced 

oxygen carrier material MeXOY-1, typically a transition metal oxide, is oxidized by air in the first 

reactor (MeXOY). The oxidized metal oxide is then used in a second reactor to oxidize a 

reactant. The reduced oxygen carrier is recycled back to the first reactor, where it is oxidized 

again. There are modified reactor concepts, which handle different problems during application. 

[90] Typical configurations are two interconnected moving or fluidized bed reactors, alternating 

fixed bed, fluidized bed reactors or rotating reactors.  

  

 

Figure 1: Scheme of the chemical looping process concept 
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The CLC focusses on energy production by complete methane combustion to CO2. The 

advantage of that technology, compared to standard co-feed of methane and oxygen, is the 

capture of CO2 without further separation processes after the combustion reactor. Furthermore, 

NOX emissions are drastically reduced, because no nitrogen is present in the combustion 

reactor. Unfortunately, the investment cost of a CLC plant is 71 % higher, compared to a 

classical natural gas power plant. [91] The biggest CLC plant is operated by the Technische 

Universität Darmstadt with a nominal power of 1 MWth. [92] The CLR deals with the oxidation of 

methane to syngas. The main advantage of such application is the heat balance, because the 

oxidation reaction of the oxygen carrier is exothermic and the reforming process endothermic.  

[93] The energy of the oxidation reaction is stored mostly in the oxygen carrier and transported 

to the reforming reactor, which allows a good energy integration concept.  

One of the most important parameters in chemical looping systems is the amount of stored 

oxygen, which is transported by the oxygen carrier. The oxygen transport capability RO is 

described by equation (3), where mo is the mass of the oxidized carrier material and mr is the 

mass of the reduced one. The higher that value is the more oxygen can be stored in the oxygen 

carrier material. Common oxygen carrier materials were reviewed and discussed by Adanez et 

al. and Li et al. [89,94] A high specific surface area (SSA) is required to provide enough 

adsorption sites for gas phase oxygen. Furthermore, the oxidation and reduction rate should be 

high for sufficient residence times in both reactors. In Addition, a high availability, low toxicity, 

good mechanical strength and suitable heat capacity of the oxygen carrier are also necessary. 

[95]  

 RO =
mO −mr

mO
 (3) 

The most relevant oxygen carrier systems and their oxygen transport capability are presented in 

Table 3. It has to be noted that the RO and the redox properties are strongly influenced by the 

support materials. [96] 

Table 3: Most relevant oxygen carrier materials and their oxygen transport capability in 
chemical looping experiments [89] 

Redox system RO (-) 
NiO / Ni 0.210 

Mn2O3 / MnO 0.100 
Mn2O3 / Mn3O4 0.034 
Mn3O4 / MnO 0.070 
Fe2O3 / Fe3O4 0.034 
Co3O4 / CoO 0.067 

CuO / Cu 0.200 
 

Another important aspect is the suppression of coke formation on the carrier particles. Typically 

the origin of coke is the disproportion of CO, according to the Boudouard reaction in 

equation (4).  
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 2 CO ⇌ C + CO2 (4) 
Ishida et al. demonstrated that a very low concentration of water vapor in the reactant feed can 

completely suppress the formation of carbon coke in CLC. [97] The reason is the water gas shift 

reaction (Equation (5)), which act as a co-oxidant for the CO oxidation. 

 CO + H2O ⇌ CO2 + H2 (5) 
Besides the production of deep oxidation products and energy or hydrogen, other groups 

applied the chemical looping concept for partial oxidation reactions successfully. The 

challenging situation in the production of ethylene oxide is the presence of several oxygen 

species on the catalyst surface, comparable to the OCM surface reaction network, as discussed 

in the previous section. [74] Park and Coworkers demonstrated that the cyclic operation 

improves the selectivity to ethylene oxide dramatically. [98] In another work the periodic 

operation was applied for the production of maleic acid from butadiene. [99] Similar selectivity 

improvements for maleic acid were reported by Lang et al. [100] 

The cyclic operation of the oxidative dehydrogenation of propane was presented by Creaser et 

al. [101] They could demonstrate that the dynamic operation of the reactor for propene 

formation enhances the yield significantly. On the one hand that is caused by the avoidance of 

any gas phase reactions, induced by oxygen. On the other hand unselective site reactions on 

the catalyst material were minimized. [102] Their experiments were verified by Ballaniri et al. 

who prepared a variety of supported vanadia catalysts for this reaction, enhancing the propene 

yield by a factor two. [103] Therefore, the chemical looping system seems to be a suitable 

reactor concept for the oxidative coupling of methane, too.  

1.4 Outline of this thesis 
As discussed before, the contribution of gas phase oxygen and several surface oxygen species 

to the production of ethylene in the OCM reaction decrease the C2 yield. Such challenge could 

be encountered by transient and cyclic operation experiments. The Na2WO4/Mn/SiO2 catalyst is 

a well-known system, which provides long time stability and high activity. Furthermore, it can be 

produced in large scales batch. Finally, manganese oxide is well-known for its oxygen storage 

capacity in different chemical looping studies and results from earlier presented transient 

experiments of the Na2WO4/Mn/SiO2 catalyst show promising activity and superior C2 selectivity 

in comparison with co-feed experiments. [104] It should be noted that the catalyst material has 

to fulfill two roles. On the one hand, it serves as oxygen carrier material, similar as in the CLC 

and CLR processes. On the other hand, it fulfills the role as a catalyst material, because stored 

oxygen on the catalyst surface is converted to water by methane activation, to form methyl 

radicals. 

Paper 1 analyses the thermal reaction sensitivity of the OCM reaction in case of hot spot 

formation during steady state experiments. Furthermore, the influence of gas phase and surface 

reactions in different experimental and theoretical steady state reactors were investigated. 
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Paper 2 deals with the experimental investigation of the Na2WO4/Mn/SiO2 catalyst material in 

temporal analysis of products (TAP) experiments in absence of gas phase oxygen. Further, the 

catalyst activity was studied in steady state experiments at pressures up to 10 bar and 

calculations about reaction engineering aspects of the OCM reaction in a steady state fixed bed 

reactor were carried out. 

Paper 3 deals with temperature programmed and dynamic experiments to study the interactions 

between OCM reactants such as CH4, C2H6 and C2H4 in absence of gas phase oxygen with the 

Na2WO4/Mn/SiO2 catalyst surface. Additionally, the ability to store and provide strongly bound 

oxygen for the OCM reaction under non-steady state conditions was investigated. 

Paper 4 describes the development and operation of a lab scale simulated chemical looping 

setup for the OCM process. Yield boundary studies in chemical looping experiments were 

carried out and compared with standard steady state experiments. Based on these results a 

design proposal was made for a hypothetical chemical looping OCM plant. 

Paper 5 investigates the role of the catalyst compounds of the Na2WO4/Mn/SiO2 material. The 

focus is the finding of a correlation between the active compounds and the oxygen storage 

capacity. Furthermore, the influence of the catalyst’s SSA on the OCM reaction in chemical 

looping experiments was studied. 

2 Methods and materials 

2.1 Simulation of the OCM gas phase reactions and catalyst surface reactions 
The simulation of the OCM reaction was performed in Chemkin (Reaction Design/Ansys). For 

the gas phase reaction mechanism the Dooley mechanism was used. [11] One of the key steps 

in OCM reaction on the catalyst surface is the C-H bond cleavage of methane, which is the 

origin for methyl radicals that by coupling form ethane. The simplest approach to implement a 

chemical reaction, induced by a catalyst material, is presented in  

 

Table 4. A vacancy (V*) on the catalyst surface is filled by dissociative adsorption of gas phase 

oxygen. Methane is activated in the selective way by methyl radical formation. Finally, the 

formed OH group on the catalyst surface is removed by the formation and desorption of water 

molecules. Through lack of reliable micro kinetic data for the Na2WO4/Mn/SiO2 catalyst, the 

kinetic parameters were set to the generally accepted fact, of fast catalyst reoxidation and the 

methane activation as rate limiting step. The strong impact of gas phase activity on product 

selectivity was investigated by the selection of different ideal reactors as the plug flow tube 

reactor (PFTR) with no back mixing effects and the continuous stirred tank reactor (CSTR), 

which is completely mixed. A detailed implementation to Reaction Design Chemkin was 

presented in the model-based analysis part of Paper 1. 
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Table 4: Semi-empirical catalyst reaction network of the OCM reaction (Paper 1) 

No. Reaction step koo (1/s) EA (kJ/mole) 
1 O2 + 2 V ∗ ⇄ 2 O ∗ 3·106 40 
2 CH4 + O ∗ ⇄ CH3 ∙ + OH ∗ 3·105 120 
3 2 OH ∗ ⇄ H2O + O ∗  + V ∗ 3·106 40 

2.2 Catalyst preparation 
The reference Na2WO4/Mn/SiO2 catalyst was synthesized and characterized by 

Dr.-Ing. Ulla Simon (Groupleader: Prof. Aleksander Gurlo). The experimental methods are 

described in [41]. The final catalyst had a composition of 5 wt-% Na2WO4 and 2 wt-% Mn(II) 

ions. The SSA was 1.86 m²/g and the particle size was 150 -350 µm. This catalyst was used in 

all of our experiments which are presented Paper 1- Paper 4, and also as reference catalyst 

material in Paper 5.  

All other presented Na2WO4/Mn/SiO2 catalysts, supported on COK-12, in Paper 5 were 

synthesized and characterized by Maria Gracia Colmenares (Groupleader: Prof. Aleksander 

Gurlo). The XRD characterization of the spend catalysts were carried out by Dr.-Ing. Ulla 

Simon. It has to be noted that COK-12 is a mesoporous silica material. 

2.3 Nitrogen adsorption 
Nitrogen adsorption at 77 K is a well-known technique to determine the SSA of solid materials, 

according to the theory of Brunauer, Emmet, and Teller (BET) [105]. The catalysts were 

degassed at 120 °C and 0.15 mbar for 60 minutes. Thereafter, they were analyzed by a 

Micromeritics Gemini III 2375 Surface Area Analyzer. 

2.4 High pressure experiments 
A scheme of the high pressure reactor is presented in Figure 2. The catalyst (100 mg) was 

placed on an inert bed of quartz granules inside of a corundum inlay. The inlay was surrounded 

by a steel jacket to operate at pressure up to 10 bar. The feed was 95 vol.-% methane and 

5 vol% oxygen with an overall gas flow rate between 50 to 500 Nml/min and a constant 

residence time of 0.16 s in each run. The reaction temperature was between 700 – 800 °C and 

the products were analyzed with a gas chromatograph GC-2014 by Shimadzu. More details are 

given in the experimental part of Paper 2. 
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Figure 2: Scheme of the high pressure reactor  

2.5 Mass spectrometry 
A scheme of the mass spectrometer (InProcess Instruments, GAM 200) is presented in Figure 

3. The gas mixture from the reactor outlet was send to Inlet 1 of the mass spectrometer (MS). 

A small amount of the gas was send continuously through a capillary by a rotary vane pump, 

while the rest was sent to the vent. The gas sample was ionized by electron impact ionization, 

utilizing yttriated yttrium filament.  A cascade of a turbomolecular pump, a diaphragm pump and 

an external rotary vane pump generates a pressure of 10-6 mbar. The ionized fragments passed 

a quadrupole, which deflects the fragments by their specific ratio of Lorentz force to inertial 

force. Finally a channeltron secondary electron multiplayer (SEM, 1200 V) was used to enhance 

and analyze the composition of the fragments. The software for control of the MS and 

calculation of the compound concentration by balances of the fragment composition was 

provided by InProcess Instruments. The details about compound calibration and data recording 

are presented in the experimental section and in the supporting information of Paper 3. 
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Figure 3: Scheme of the quadrupole mass spectrometer Model GAM 200 (InProcess 

Instruments) 

2.6 Temperature programmed surface reactions 
The experimental concept of a temperature programmed surface reaction (TPSR) is presented 

in Figure 4. In a first step the catalyst was heated up (10 K/min) under a flow of an oxidizing 

agent (e.g. synthetic air). After the oxidation treatment, the catalyst was cooled down again. The 

reactor was purged by an inert gas (e.g. N2, He) to remove gas phase and weakly bound 

oxygen species. Thereafter, a reactant (e.g. hydrogen, methane…) was fed to the reactor, while 

the catalyst material was heated up with a defined temperature ramp (1-5 K/min). The 

composition at the outlet of the reactor was continuously recorded by a detector (e.g. thermal 

conductivity detector (TCD), MS). The exact procedure for all TPSR experiments and further 

information, e.g. temperature profile of the furnace, are given in Paper 3 and Paper 3-SI.   
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Figure 4: Experimental concept of temperature programmed surface reaction (TPSR) 

experiments 

2.7 Dynamic experiments 
Dynamic experiments follow a similar experimental concept as presented in the last subsection 

(2.6). The catalyst material (1 g) was heated up to reaction conditions in a flow of an oxidizing 

agent (e.g. synthetic air). After reaching the desired reaction temperature (700 – 800 °C), the 

reactor was purged by an inert gas (He) keeping the temperature constant. The reaction was 

carried out by an immediate replacement of the inert gas by the reactant gas (e.g. methane, 

ethane, ethene). That was realized by opening and closing of switching valves (Swagelok SS-

41S2) in front of the gas supplies. Again, the composition at the outlet was continuously 

measured by MS. The experimental method and all parameters are presented in the 

experimental section of Paper 3. The selectivity of the products was derived according to 

equation (6). 

 Si =
νi ⋅ AProduct,i

∑�νi ⋅ AProduct,i�
 (6) 

Furthermore, the converted amount of stored oxygen nO* was derived according to the oxygen 

balances given in the rate equations (7) - (9) and finally by equation (10). 

 2 CH4 + O∗ → C2H6 + H2O (7) 

 2 CH4 + O∗ → C2H4 + 2 H2O  (8) 

 CH4 + 4 O∗ → CO2 + 2 H2O (9) 

 nO∗ =
p ⋅ V̇ ⋅ ∑�νO∗,i ⋅ Ai,product [% ⋅ s]�

R ⋅ T
 (10) 
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In addition, a molecule specific oxygen balance was calculated according to the reaction 

network presented in Figure 5 and the following assumptions: 

• There is no mass transport effect for the stored amount of oxygen 

• All reactions are second order 

• The ratio of k3/k4 is between 2 and 7 according to the findings of Lunsford and 

coworkers [106,107] 

For instance, for each detected ethene molecule, one OC2H6 and one OC2H4 were converted to 

water. Based on these assumptions the first four methane pulses in repetitive pulse 

experiments were fitted. Based on the fitting parameters (k1 – k4) the repetitive pulse 

experiment was simulated (15 methane pulses) and the amount of converted oxygen was 

determined (Paper 5-SI) 

 

Figure 5: Assumed OCM surface reaction network of the Na2WO4/Mn/SiO2 catalyst for 
molecule specific oxygen balance (Paper 5) 

2.8 Simulated chemical looping 
The adaption of the chemical looping process concept to the OCM reaction with 

Na2WO4/Mn/SiO2 catalysts was realized by two pneumatic six port valves. These valves allow 

the dosage of defined amounts (0.25 – 2 ml) of reactants to the catalyst fixed bed. The 

simulated chemical looping concept was chosen to prevent comminution or abrasion of the 

catalyst particles which is a significant problem in fluidized bed reactors. A fundamental process 

scheme is presented in Figure 6. Helium (15 - 60 Nml/min) was used as carrier gas to transport 

the reactant gasses from the sample loop to the reactor, through the catalyst fixed bed (0.5 – 1 

g), and finally to the MS. In the first step, oxygen was dosed to the reactor for catalyst oxidation 

at reaction temperature, by pulse valve 1 (PV). After complete dosage, the position of the first 

pulse valve was set back to refill the sample loop with oxygen. The flow of the carrier gas was 

used to purge the reactor, removing gas phase and weakly adsorbed oxygen intermediates. A 

second PV was utilized to dose methane to the reactor. The filling procedure was carried out 

parallel to the dosing procedure of oxygen. Finally, non-converted methane was purged out by 

the carrier gas, to avoid an explosive mixture with the followed oxygen pulse.  
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Figure 6: Simulated chemical looping concept for the oxidative coupling of methane (Paper 4) 

The construction plan of the chemical looping setup is given in Paper 4. The control software 

for the pulse valves was developed in Microsoft Visual Basic 6. Further, the experimental 

parameters and operation conditions are also presented the experimental part of Paper 4. The 

baseline corrected peaks were integrated and methane conversion (XCH4), the selectivities of 

detected compounds and the C2 yield were derived according to equations (12), (6) and (11). 

 XCH4 =
∑�νi ⋅ AReaction products�

∑�νi ⋅ AReaction products�+  CH4,unconverted
 (12) 

 Y = XCH4 ⋅ SC2H6+C2H4 (13) 

A modification of that operation was the repetitive pulsing of methane. After oxidation (PV 1) of 

the catalyst material at 775 °C and 30 Nml/min, the reactor was purged by the carrier gas. Than 

the first methane pulse (via PV 2) was injected and after complete dosage the PV was set back 

to filling position, immediately. The oxidation procedure was spared out and the reactor was 

purged by the carrier gas to remove unconverted methane. Thereafter, an additional methane 

pulse was dosed to the reactor. That procedure was repeated similar to a titration experiment. 

The experiment ended, when no methane conversion was observed anymore, indicated by no 

detection of C2 and deep oxidation products. All experimental parameters and conditions are 

presented in the experimental section of Paper 5. 
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2.9  Residence time analyses of the simulated chemical looping setup 
The residence time analysis was carried out by a series of pulse marking experiments, using 

PV 1 as injector for different tracer gases (0.5 - 2 ml pulse) and He as carrier gas. First the 

dosing behavior of the tracer pulse (Ar) by the pulse valve was analyzed at different flow rates 

of 20 – 60 Nml/min. A thermal conductivity detector (TCD) was mounted to the pulse valve pipe 

instead of the reactor inlet. This is presented in Figure 7 A. The TCD detected a signal each 0.5 

s. The recorded peak area for each experiment was normalized to one and the results were 

fitted in Berkley Madonna by square pulse functions (Figure 7 C, left part). The fitting 

parameters were the delay time (tdelay) between detector and pulse valve, the pulse width (tdosing) 

and pulse amplitude. The square pulse function (squarepulse(tdosing, tdelay)) in Berkley Madonna 

generates a rectangular signal with amplitude hight of one. That signal was multiplied by an 

amplitude parameter which was related to the experimental tracer dispersion. The finally fitted 

rectangular signals had peak areas of one, similar to the residence time distribution function E(t) 

which is defined by equations (14) and (15). 

 E(t) =  V̇ ⋅
c(t)

ntracer
 (14) 

 ∫ E(t) dt =  1 (15) 

In the next experimental set the reactor, filled with catalyst (0 – 2g), was connected to the pipe 

of the pulse valve and the TCD was placed at the reactor outlet, which is shown in Figure 7 B. A 

series of pulse marking experiments were carried out where the reactor temperature was varied 

from 23 °C to 800 °C and the flow rate was varied between 20 – 60 Nml/min. Each experiment 

was carried out with Ar and repeated with N2 as tracers to consider possible transport effects by 

diffusion. 

The calculated parameters tdelay, tdosing and amplitude of the squarepulse function were 

implemented to the axial dispersion model. That model describes the reactor as an ideal plug 

flow reactor with dispersion effects in axial direction. The material balance is shown in 

equation (16). The dispersion depends on an axial dispersion coefficient (Dax), which is related 

to the Bodenstein number (Bo) according to equation (17) and the flow velocity (u). 

 

 
dc
dt

=  −u
dc
dz

+ Dax
d2c
dz2

 

 
(16) 

 Dax =
u ⋅ L
Bo

 (17) 
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Figure 7: Scheme of residence time analyses experiments, A: Analyses of Pulse dosing 
behavior of the PV, B: Residence time analyses of the heated ractor, C: Scheme of the fitting 
procedure 

The implementation of the dispersion model was carried out by the use of a high number of 

segments, where each segment represents a finitesimal part of the reactor. The flow of the 

tracer through the reactor, passing each segment, is affected by convection and dispersion, 

which is described according to equations (18) and (19). The parameter N is the total number of 

segments, which was set to 200 and L is the physical length of the reactor which was 55 cm. 

The implementation of the square-pulse signal to that model is shown in equation (20). 

 
dc[1. . N]

dt
=  −u

(c[i + 1] − c[i− 1])
2 ⋅ Li

+ Dax
c[i + 1] − 2 ⋅ c[i] +  c[i − 1]

(2 ⋅ Li)2  (18) 

 Li =
L
N

 (19) 

 dc[0]
dt

=  −u ⋅
�−squarepulse�tdose, tdelay� ⋅ amplitude + c[i + 1]�

Li
+ Dax

c[i + 1] −  c[i]
(Li)2  (20) 

The recorded data from the residence time analyses with heated reactor were fitted by this 

model. The fitting parameters were the Bodenstein number and the effective flowrate (Figure 7 

C, right part). The effective flow rate averages the initial flow rate of the carrier gas and the 

contribution of gas expansion effects by the furnace temperature profile. The results of the 

reactor characterization are described in section 3.5.2. 
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3 Results and discussion 

3.1 Contribution of gas phase reactions to the OCM reaction 
In Paper 1, three different reactor types were investigated in which the Na2WO4/Mn/SiO2 

catalyzed OCM reaction was performed: a fluidized bed reactor, a standard fixed bed reactor, 

and a membrane reactor. All experiments were carried out under steady state conditions but 

with different oxygen dosing strategies. The fluidized bed reactor was fed with oxygen and 

methane at the inlet. The strong back mixing behavior in the fluidized bed reactor distributed the 

oxygen quickly in the whole reactor chamber. The fixed bed reactor was fed similarly with the 

reactants, but dispersion effects and free gas space are lower than in the fluidized bed reactor. 

In the porous membrane reactor the oxygen was dosed constantly in small fractions through a 

ceramic membrane to the reactor chamber along the catalyst fixed bed. Stanislav Jaso and 

Hamid Godini found that the membrane reactor has a higher C2 yield and a better C2 selectivity 

in comparison to the fluidized bed reactor, despite similar initial conditions as the catalyst 

material, temperature and gas hour space velocity (Table 5). The C2 selectivity of the fixed bed 

reactor was in between. Therefore, a strong influence by chemical reactions in the gas phase 

and heat transport effects, which also influences reaction rates, is assumed. To analyze this 

situation in more detail, the different oxygen dosing strategies were simulated by using of three 

different reactor models. 

Table 5: Experimental and simulation results of the OCM reaction in a membrane, standard Co-
fed fixed bed and fluidized bed reactor (Paper 1) 

Reactor Parameter 
Experimental 
result (with 

catalyst) 

Simulation of gas 
phase reactions 
(Dooley Mech.) 

Simulation of Gas 
phase + semi-

emp. Mod. 

Membrane 
reactor 

X(CH4) 0.33 ≈ 0 ≈ 0 
S(C2) 0.65 0.45 0.99 

S(COX) 0.35 0.45 0.99 

Fixed-bed 
reactor 

X(CH4) 0.32 0.01 0.34 
S(C2) 0.53 0.99 0.56 

S(COX) 0.47 0.01 0.44 

Fluidized bed 
reactor 

X(CH4) 0.35 0.29 0.30 
S(C2) 0.40 0.14 0.12 

S(COX) 0.60 0.86 0.88 
 

The fluidized bed reactor has a similar mixing behavior as the continuous stirred tank reactor 

(CSTR), while the plug flow tube reactor (PFTR) has no axial back mixing behavior, which is 

comparable to the standard fixed bed reactor. It was demonstrated that the gas phase reaction 

network is active even in absence of the catalyst material (Table 5). The conversion of methane 

correlates with the free gas space and the oxygen dispersion of the reactor for empty reactor 

simulations. The membrane reactor shows no methane conversion, because of low oxygen 

partial pressure and no back mixing, while in the PFTR the methane conversion is also very 

low. The CSTR shows high methane conversion, which demonstrates clearly that the oxygen 
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dosing strategy influences strongly the results of our experiments. To proof our hypothesis a 

simulation of a simplified surface reaction model for the catalyst material was realized, as 

presented in  

 

Table 4 and in Paper 1. In that model methane is only converted into methyl radicals on the 

catalyst surface and catalyst reoxidation steps were implemented. Such drastic simplification 

avoids a complex situation of deep oxidation product formation in gas phase and on the catalyst 

surface, which cannot clearly be distinguished. 

The simulation results of gas-phase reaction and semi-empirical catalyst model (Table 5, last 

column) for the PFTR showed higher methane conversion and higher C2 selectivity in 

comparison with the CSTR, which supports the hypothesis that an adequate oxygen dosing 

strategy improves the overall OCM performance in a reactor. High oxygen partial pressures and 

free gas space support the formation of deep oxidation products. On the one hand in the gas 

phase the molecular oxygen activates methane by the formation of peroxo and methyl radicals. 

The presence of other oxygen-species or intermediates may prevent the coupling process of 

methyl radicals and lead to the formation of deep oxidation products by coupling of methyl 

radicals with oxygen-species in the gas phase. The main reason is that the partial pressure of 

the oxygen species in the early stage of the reaction progress is much higher than the partial 

pressure of methyl radicals. Furthermore, even after successful methyl radical coupling, the 

ethane molecule can be more easily activated in the gas phase or on the catalyst surface 

because of its lower C-H bond strength. Therefore, low oxygen partial pressures may improve 

the OCM performance in the gas phase by suppressing side reactions. On the other hand there 

is a strong effect of heat formation. In the gas phase the heat removal is much slower in 

comparison to a solid material, because of the big difference in heat capacity and conductivity. 

Therefore, a conversion of methane in the gas phase generates higher temperatures in 

comparison to the same reaction on the catalyst particles. Such effect enhances all activation 

processes in the gas phase, which are mostly the origin of deep oxidation products. That effect 

can be seen in Figure 8, where at low methane conversion, less heat is generated and therefore 

the reactions on the catalyst surface and the coupling process of methyl radicals dominate the 

formation of products, namely ethane and ethene. If no heat is removed, the temperature raises 

more and more, while the C2 selectivity decreases sharply. The heat formation lead to hot spot 

formation and the gas phase reaction network dominates the overall reaction progress. This can 

be seen by the sharp decrease of C2 product formation and the simultaneous enhancement of 

deep oxidation product formation. 
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Figure 8: Simulated reaction progress of the fixed-bed reactor with the gas phase model and 
simple micro-kinetic surface model by solving the free energy equation (hot spot formation) with 
the initial temperature of 800°C (180 Nml/min N2; 120 Nml/min CH4; 60 Nml/min O2; 3.5 g 
catalyst) (Paper 5) 

3.2 Pressure variation during the OCM reaction 
In literature, the most OCM experiments were carried out at ambient pressure (1 atm). The 

absolute pressure seems to be a crucial parameter for the OCM reaction, because it influences 

the number of molecules in the gas phase and the transport effects to the catalyst surface. 

Paper 2 deals with the investigation of the OCM reaction in a broad range of absolute 

pressures. The results of the co-fed steady state experiments at high pressures are presented 

in Figure 9. In general, the methane conversion increases by an increase of the absolute 

pressure. For the experiments with an empty reactor the C2 selectivity is below 0.1 and at 

10 bar, no C2 products were observed anymore. These results support the hypothesis 

discussed in section 3.1. The methane is activated by gas phase oxygen and a higher 

concentration accelerates the formation of deep oxidation products. When we performed the 

same experiment in a fixed bed filled with quartz granules, the C2 selectivity was much higher. 

On the one hand, the quartz granules may contribute to the catalytic activity. On the other hand 

the inert bed decreases the free gas space significantly. Therefore, the thermal methane 

activation and coupling of methyl radicals in the gas phase became the major reaction route. 

That is because at low methane conversion the deep oxidation product formation might be 

preferred. That reaction route decreases the partial pressure of gas phase oxygen much faster 

because of the big difference in the stoichiometric factors of methyl radical formation and 

oxygen insertion reactions (Eq. (7) vs. (9)). By decreasing the oxygen partial pressure the 
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thermal coupling process of methyl radicals becomes the more dominant reaction step. At high 

methane conversion further oxidation processes in the gas phase are not possible because of 

the low oxygen concentration.  

By the use of a catalyst fixed bed, the C2 selectivity increases from 0.52 to 0.57 only slightly with 

pressure. The C2 product formation benefits from two effects. Firstly the adsorption rates of 

methane and oxygen could be enhanced. Therefore the catalytic activity is enhanced and the 

reoxidation of the catalyst bed consumes the gas phase oxygen much faster than under 

atmospheric pressure. Secondly, the coupling process is more likely under higher pressures. 

This is caused by the effect that after successful C–H bond cleavage by the catalyst, the mean 

free pathway to the next methyl radical is decreased. Therefore it is more likely that two methyl 

radicals couple and form an ethane molecule.  

 

Figure 9: Influence of absolute pressure on C2+ selectivity at constant residence time 0.16s, 
100 mg catalyst, 700 °C, 50 – 500 Nml CH4:O2 (95:5) (converted from Paper 2) 
 

In addition a series of temporal analysis of products (TAP) experiments were carried out in 

Paper 2 by Benjamin Beck. In such experiments, the absolute pressure is in the range of 1 – 

100 mPa and the reactants are injected as gas pulses to the fixed bed reactor, simultaneously 

or delayed. A simultaneous injection of methane and oxygen simulates the steady state 

experiment at low pressures, while a delayed reactant injection separates the catalyst oxidation 

from the methane activation by the catalyst into two independent reaction steps. These reaction 

conditions are chosen close to the Knudsen-diffusion regime, were the collision of molecules 
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with each other is negligible and the collision between gas phase molecules and surfaces is 

dominating. Therefore the pressure was set higher, to allow for interactions in the gas phase. 

Otherwise the coupling process of methyl radicals would not be possible. In the case of 

simultaneous injection of the reactants, the methane conversion was 0.02 with a C2 selectivity of 

0.95 for the Na2WO4/Mn/SiO2 catalyst. Such high selectivity indicates that the gas phase 

reactions, induced by the gas phase oxygen, is more or less inactive and only the coupling 

process of methyl radicals is relevant. In the second case, oxygen was first injected and the 

methane pulse was injected delayed in time. The delay time was between 0.1 – 1 s. It was 

observed that a constant amount of C2 products was produced in each case, despite the delay 

time between the two reactant pulses. Contrary, the formation of deep oxidation products 

decreases by an increase of the time delay. We concluded from these experiments that two 

oxygen species are present on the catalyst surface at these conditions: A strongly and a weakly 

bound oxygen species. While the strongly bound species would remain on the catalyst surface 

and its life time would be long enough to interact with the delayed methane pulse to form similar 

amounts of C2 products, the weakly bound oxygen species would desorb after the oxygen pulse 

left the reactor system. Therefore, it would be responsible for deep oxidation product formation. 

At longer delay times between the two reactant pulses, most of the weakly bound oxygen 

species would be desorbed and therefore less deep oxidation products are produced. 

3.3 Temperature programmed surface reaction experiments 
Paper 3 deals with TPSR experiments to study the surface interactions of the OCM reactants in 

the absence of the gas phase and weakly bound oxygen on the Na2WO4/Mn/SiO2 catalyst. Such 

technique follows the idea of the TAP experiments to separate the oxidation of the catalyst 

material from the activation reaction of methane by the catalyst material. The results of CH4-

TPSR experiments with different heating rates are presented in Figure 10 A - C. It was found 

that methane is converted into CO and ethane. Interestingly first ethane is formed and later CO, 

which indicates that two different active oxygen species contribute to methane activation. That 

was concluded by the fact that the oxidation reaction of methyl radicals would proceed 

immediately with surface bound oxygen species. Our results show that the CO formation starts 

at higher temperatures, which is a delay of several minutes, dependent on the heating rate. 

That time span is not in the range of methyl radical lifetimes. Therefore two different types of 

methane activation induced by different oxygen species were suggested. These results are in 

straight contradiction with the model of Lee et al., which was presented in the introduction 

section (Table 2), where only one oxygen species contributes to all activation reactions of 

alkanes [67].  

The results of C2H6-TPSR experiments are shown in Figure 10 D – F. In Paper 3 it was 

demonstrated that the reactivity of ethane is much higher than the methane one. Therefore it 

was expected that ethane activation would be observed at lower temperatures, but interestingly 

the product formation starts at higher temperatures in comparison with CH4-TPSR experiments. 

Furthermore, the ethene formation starts in all experiments at the same temperature. That is 
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also different to CH4-TPSR experiments, where the position of the ethane peak depends on the 

heating rate. We concluded that ethane is preferably activated in gas phase, which was 

validated in a blank experiment without the catalyst. The activation barrier in the gas phase has 

to be much higher in comparison to the catalytic ones. Otherwise no catalytic activity for C–H 

bond cleavage would be observed for methane, according to the C–H bond dissociation 

energies which are 439 kJ/mole for methane and 436 kJ/mole for ethane [9]. In addition we 

found the formation of water, which indicates an oxidative dehydrogenation reaction of ethane 

or the conversion of formed hydrogen by the catalyst material. That reactant could be formed by 

thermal dehydrogenation reaction of ethane to ethene. At higher temperatures in C2H6-TPSR 

experiments CO2 and CH4 were observed, which was interpreted as product formation by 

ethene conversion. 

Figure 10 G – I present our findings of C2H4-TPSR experiments. We found in all experiments 

the formation of CO2 and CH4, starting at similar temperature ranges. In Paper 3 we were 

unable to resolve the mechanism in detail for these reaction pathways. During the experimental 

procedure coke formation was observed, proven by catalyst reoxidation and simultaneous CO2 

formation. We concluded that both oxygen species on the catalyst surface may contribute to 

ethylene activation. On the one hand electrophilic oxygen could be inserting to the molecule by 

an attack of the ethene double bond. Such epoxide species would be very unstable at OCM 

conditions and decomposes immediately to deep oxidation products and in the absence of 

oxygen to carbon. On the other hand nucleophilic oxygen may attack one of the C–H bonds, 

which forms vinyl radicals. These are well-known as precursor in carbon coke formation [108]. 
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Figure 10: TPSR product formation peaks of methane, ethane and ethene TPSR experiments 
at heating rates from 1-5 K/min, 1 g Na2WO4/Mn/SiO2, A-C: methane TPSR, D-F: ethane TPSR 
(He : C2H6, 95:5), G-I: ethene TPSR (He : C2H4, 95:5), 30 Nml/min (Paper 3) 
 

According to our findings by TPSR experiments we presented in Paper 3 a reaction network, 

which was completed by the findings of Lunsford et al. and Beck et al. [54,72]. The reaction 

network is shown in Figure 11. Alkanes or Alkenes can be converted to deep oxidation products 

by an oxygen adsorption intermediate. The catalyst surface provides electrophilic and 

nucleophilic oxygen species. The electrophilic one activates methane by C–H bond cleavage to 

form methyl radicals. These can couple in the gas phase and form ethane. Besides, methane 

can be converted by nucleophilic oxygen species into deep oxidation products. Ethane is 

converted in the gas phase or on the catalyst surface into ethene. The formed hydrogen in gas 

phase is also converted by the catalyst material into water, when oxygen on the catalyst surface 

is available. Furthermore, ethene is converted on the catalyst surface to deep oxidation 

products, undergoing the formation of coke. 
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Figure 11: Proposed Reaction network by TPSR experiments [54,72] (Paper 3) 
 

According to the work by Redhead, the rate limiting step of a heterogeneous reaction of 

molecules from a gas phase on a catalyst surface is sensitive to the temperature ramp in TPSR 

experiments [109]. Typically, that step could be the adsorption of the gas molecule on the 

catalyst surface, the activation of the molecule, the formation of transition state or the 

desorption of the product. In OCM it is accepted that the C–H bond cleavage of methane is the 

rate determining step [67,110]. 

Therefore, the positions of the recorded ethane peaks in CH4-TPSR experiments were fitted by 

an empirical function. According to the Redhead method we calculated an activation energy of 

275 kJ/mole (EA,3). Such high value reflects the nature of the strongly bound oxygen species, 

which may also involve the lattice oxygen. A possible energy profile for the OCM reaction on the 

Na2WO4/Mn/SiO2 catalyst is presented in Figure 12. Molecular oxygen undergoes the formation 

of an adsorption intermediate (O2,ads). That is converted into the strongly bound oxygen species 

(Ox*). We assume that the reaction rate of the adsorbed oxygen intermediate with methane is 

much faster in steady state experiments than the reaction rate of nucleophilic oxygen (not 

shown). Therefore, in steady state experiments EA,1 is measured for the unselective reaction 

pathway. The apparent activation energy (EA,2) is observed in steady state experiments for 

selective methane activation because the interaction between O2,ads and Ox* were not 

considered so far. However, there is a big deviation between our findings (EA,3) and those ones 

from the literature (EA,1). That was explained by the fact that the energy level of O* is much 

lower, compared to O2, because the O* species undergoes adsorption and lattice insertion. Both 

reactions release energy and therefore much more energy is required to form the transition 

state for selective methane activation. 
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Figure 12: Proposed energy profile for the OCM reaction at the Na2WO4/Mn/SiO2 catalyst at 
800 °C (Paper 3) 

3.4 Dynamic experiments 
In Paper 3, dynamic experiments at constant reaction temperature were carried out to 

investigate the oxygen storage capacity of the catalyst and the lifetime of the stored oxygen 

species. First the stability of the strongly bound oxygen was analyzed by increasing the purge 

time from 10 minutes to 300 minutes. The results are presented in Figure 13. In each 

experiment similar product distributions were observed. The overall C2 selectivities are in the 

range of 0.9 and deep oxidation products are only formed in the first minutes of each 

experiment. Our results indicate that under OCM conditions the stored oxygen can remain on 

the surface of the Na2WO4/Mn/SiO2 catalyst for hours. We concluded that the ability to store 

oxygen over that period of time may involve lattice oxygen of the Na2WO4/Mn/SiO2 catalyst 

material. Therefore, a Mars van Krevelen type of mechanism may be applied for the OCM 

surface reaction network which is valid for both, nucleophilic and electrophilic oxygen species. 

 

Figure 13: OCM product signals from dynamic experiments with methane for increasing purge 
duration at 750 °C, 20 Nml/min CH4 for 10 min, 1 g Na2WO4/Mn/SiO2, A: 10 min He purge, B: 
180 min He purge, C: 300 min He purge (Paper 3) 
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For each dynamic experiment an oxygen balance was calculated according to the material 

balances in section 2.7. The results are presented in Table 6. We found that the amount of 

consumed oxygen for the formation of deep oxidation products is more or less constant in all 

experiments. Furthermore, the amount of converted oxygen to form C2 products is also almost 

constant. In additional series of dynamic experiments purge time was reduced to 15 s, which is 

the experimental limitation of the setup. Even such short purge intervals results in comparable 

C2 selectivities as in the experiments before. These results confirm our previous hypotheses 

about the presence of two oxygen species which are strongly bound on the catalyst surface. 

The ratio of ethane to ethene is strongly affected by the flowrate, which supports our hypothesis 

from section 3.3 that ethane is preferably formed in the gas phase. Furthermore, a linear 

dependency between the partial pressure of methane and converted amount of oxygen was 

found. Our findings indicate that the Na2WO4/Mn/SiO2 catalyst is a suitable oxygen carrier 

material for chemical looping experiments, because it fulfills all basic requirements: 

• Stable redox properties under reaction conditions 

• The stored amount of oxygen is stable bound under reaction conditions 

• Short purge times allow adequate operation times 

 

Table 6: Compound based oxygen balance for a broad range of purge times in dynamic 
experiments from 15 s to 18000 s, 1 g Na2WO4/Mn/SiO2, 750 °C, 20 & 30 Nml/min CH4 for 10 
min (Paper 3) 

Purge 
time (s) 

Flow rate 
(Nml/min) 

CO2 
(#O/nm²) 

CO 
(#O/nm²) 

C2H6 
(#O/nm²) 

C2H4 
(#O/nm²) 

Σ 
(#O/nm²) 

18,000 20 8.8 0.6 4.6 6.8 20.66 
10,800 20 10.4 0.6 4.5 7.1 18.00 

600 20 7.2 5.4 1.8 3.6 21.66 
300 30 10.7 0 7.3 2.6 20.60 
270 30 9.4 0 7.6 1.9 18.94 
230 30 9.8 0 7.3 1.8 18.81 
160 30 8.9 0 7.7 1.7 18.32 
100 30 9.1 0 7.2 1.5 17.80 
60 30 9.5 0 7.0 1.5 17.99 
30 30 9.7 0 7.6 2.2 19.47 
15 30 8.3 0 8.6 2.3 19.11 

 

Calculation of the oxygen transport capability RO for the Na2WO4/Mn/SiO2 catalyst according to 

equation (3), considering as mo only the weight of active compounds Na2WO4 and Mn gives 

0.014. Including the support material in this calculation for RO gives 1⋅10-3. These values are 

much lower in comparison to the materials listed in Table 3. The main drawback is the high 

molar mass of WO4 and the high amount of silica, which offers only a small SSA (1.86 m²/g). 

The common range of the SSA of chemical looping particles is 3 – 100 m²/g.  [95,111,112] 
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3.5 Development of a simulated chemical looping setup 

3.5.1 Setup construction 
Based on our findings in Paper 3, a simulated chemical looping setup was constructed by the 

use of two six-port valves. The most important information of Paper 3 was the amount of stored 

oxygen in order to dose adequate amounts of the reactant to reach high conversions. In Paper 
4 the detailed process concept is described and the final flow chart is presented in Figure 14. 

Mass flow controllers (MFC) were used to control the flow rates of carrier gas and reactant 

gases. The reactants were fed to the sample loops of the PV’s, which have a volume of 

0.25 - 2 ml. According to the operating principle of the PV’s, which is presented in the 

supporting information of Paper 4, the dosing and filling position was switched by a pneumatic 

system, which was controlled by solenoid valves (SV).  Furnace temperature, the solenoid 

valves for the PV’s and the operation of the MS was controlled by a computer via transducers 

(Td). The flow of carrier gas was split directly in front of the pulse valves and recombined at the 

outlet of the PV’s. The overall flow, which transports the injected reactants, was send to the 

reactor. After passing the catalyst fixed bed the reactant pulses were analyzed by a MS.  
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Figure 14: Flow chart of the chemical looping setup (Paper 4-SI) 
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3.5.2 Residence time analyses of the simulated chemical looping setup 
To analyze the dispersion of the gas pulses by the pulse valves and the dispersion effects of the 

reactor a wide series of residence time analyses experiments were carried out. Several effects 

contribute to the gas pulse dispersion as the amount of catalyst, the temperature profile of the 

furnace and the initial gas flow rate. Therefore a detailed study was required. The fitted 

parameters for the square-pulse signals are listed in Table 7. These parameters were 

implemented to the residence time model for the fixed bed reactor. 

Table 7: Fitted square-pulse parameters for residence time analyses of gas pulses in Berkley 
Madonna 

Flowrate 
(Nml/min) Fitting parameter 

Volume of sample loop (ml) 
0.5 1 2 

20 
tdelay (s) 22 23 24 
tdosing (s) 15 24 38 

amplitude (s-1) 0.066 0.042 0.026 

30 
tdelay (s) 14 16 15 
tdosing (s) 10 20 31 

amplitude (s-1) 0.099 0.049 0.033 

40 
tdelay (s) 11 13 11 
tdosing (s) 7 15 23 

amplitude (s-1) 0.135 0.066 0.044 

50 
tdelay (s) 9 10 9 
tdosing (s) 6 12 18 

amplitude (s-1) 0.171 0.083 0.056 

60 
tdelay (s) 7 8 8 
tdosing (s) 5 10 15 

amplitude (s-1) 0.207 0.0998 0.067 
 

The fitted Bodenstein numbers of our pulse marking experiments with the fixed bed reactor for 

different amounts of catalysts, temperatures and initial flow rates are presented in Figure 15. It 

was found that the flow rate and the temperature have minor influences on the dispersion of the 

dosed pulses. We couldn’t find deviations of the gas pulse shape by switching the tracer gas 

from Ar to N2. Such results indicate that the mass transport is dominated by convection and 

dispersion and not by molecular diffusion. By increasing the flow rate or the amount of catalyst, 

the Bodenstein number increases. The opposite case is observed by increasing the 

temperature, which indicates that higher temperatures decrease the dispersion effects of the 

fixed bed reactor. These effects are well-known for gases, because of their strong dependence 

on the Peclet number (Pe). 
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Figure 15: Results of fitted Bodenstein numbers for different temperatures and initial flowrates 
at different amounts of catalyst 
 

The Peclet number is defined by equations (21) - (23).  

 Pe = Re ⋅ Sc (21) 

 Re =
u ⋅ dR
ν

=
u� ⋅ d32 ⋅ ρ
η ⋅ (1− ϵ)  (22) 

 Sc =
ν
D

 (23) 

We assume a monodispersed fixed bed where the Sauter mean diameter (d32) is equal to the 

mean diameter of a catalyst particle (250 µm). 

 d32 = dparticle (24) 

The density ρ of He at the highest temperature in the furnace (800 °C) was derived according to 

equation (25). 

 ρ =
n ⋅MHe ⋅ T0

V ⋅ Tmax
 (25) 

The mean flowrate u�  was calculated for an average feed stream, considering the highest 

temperature and a mean diameter with respect to the void fraction. 

 u� =
Tfixed bed ⋅ V̇

T0 ⋅ A ⋅ ϵ
 (26) 
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Finally the diffusion coefficient D was calculated by the fundamentals of the kinetic gas theory 

and the Chapmen-Enskog equation for a mono atomic, ideal gas (equations (27) - (29)). The 

cross section σ  for a He atom is 0.26 nm. [113] 

 D =
1
s
⋅ Λ ⋅w (27) 

 Λ =
(kB ⋅ Tfixed bed)
√2 ⋅ π ⋅ σ2 ⋅ p

 (28) 

 w =  �
8 ⋅ kB ⋅ Tfixed bed

π ⋅m
 (29) 

The Peclet numbers for the experimental setup are in the range of 0.1 – 1. These low numbers 

indicate that the gas transport through the fixed bed reactor involves forced diffusion effects by 

convection. The results of Miyauchi and Kikuchi, who reviewed a broad number of residence 

time experiments, confirm our trends of the Bodenstein numbers [114]. 

The results of the fitting process for the effective flow rates are presented in Figure 16. For the 

blank reactor (Figure 16 A) the simulation of ideal gas law, considering the temperature profile, 

was an adequate approximation. When the reactor was operated with a catalyst fixed bed, 

pressure drop effects may occur. The pressure drop ∆p was calculated according to equation 

(30). 

 Δp = ζ ⋅
ρ
2
⋅ u�2 ⋅

Lfixed bed

dh
 (30) 

The hydraulic diameter of the catalyst bed was derived by equation (31). 

 dh =
2
3
⋅

ϵ
1 − ϵ

⋅ dparticle (31) 

The drag coefficient ζ was derived by the Ergun equation (eq. (32)).  

 ζ =
150
Re

+ 1,75 (32) 

To calculate the dynamic viscosity η of He, the Hirschfelder equation (eq. (33)) was used, 

assuming that He is not compressible during the collision and therefore the collision integral Ω 

was set to one. 

 η =
5

16
⋅
�π ⋅mHe ⋅ kb ⋅ Tfixed bed

π ⋅ σ2 ⋅ Ω
 (33) 

   
Unfortunately, our experimental parameters are not in the validity range of the Ergun equation. 

Therefore, in the case of 2 g catalyst the experimental pressure drop is higher than the 

simulated one (Figure 16 B).  
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Another approximation to calculate the pressure drop is the Kozeny–Carman equation (eq. 

(34)). That equation is highly sensitive to the void fraction. As mentioned in the introduction, the 

quasi liquid surface of the catalyst material tends to sinter the fixed bed and the void fraction 

changes under reaction conditions. Therefore, for simulations the use of the adjusted flow rate 

is required. 

 
Δp =

180 ⋅ η ⋅ (1− ϵ)2 ⋅ u
Φs
2 ⋅ dparticle2 ⋅ ϵ3

 (34) 

   

 

Figure 16: Results of the fitted effective flowrates for different temperatures and initial flowrates 
by the dispersion model and calculated flowrate by ideal gas law including pressure drop by 
Ergun equation A: empty tube reactor, B: 2 g catalyst in fixed bed reactor 

3.6 Process parameter studies in simulated chemical looping experiments 

3.6.1 Influence of flowrate and temperature on the OCM reaction 

In Paper 4, we compared several chemical looping experiments for which the calculation of the 

pulse contact time (tpulse, calculated according to equation (35)) was necessary. This parameter 

is similar to the modified residence time. The higher tpulse the longer the methane pulse remains 

in the catalyst bed. The main differences in our experiments were different amounts of catalyst 

and flowrates. 

 tpulse =
mcat ⋅ Aspec

V̇
 (35) 

   
The experimental results of the temperature and flow rate variation are shown in Figure 17. In 

our experiments to study the yield boundary we observed a methane conversion range between 

0.05 - 0.8 (Figure 17 A). Unfortunately, the correlation between methane conversion and C2 

selectivity is anti-proportional (Figure 17 B). At low methane conversion, high C2 selectivities 
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were observed, while at high methane conversion less C2 products were observed. Finally the 

calculation of the C2 yield shows a maximum of 0.25 (Figure 17 C). Thus, not only the oxygen 

induced gas phase reactions contribute to the yield maximum in the OCM reaction. Also the 

catalyst itself contributes to an apparent C2 yield maximum. 

In our TPSR experiments in Paper 3, we pointed out that two different oxygen species, 

electrophilic and nucleophilic oxygen, on the catalyst surface contribute to alkane and alkene 

activation. These species compete also in chemical looping experiments with each other to 

activate methane and other components. Both species are not removable during the purge step, 

because both are strongly bound on the catalyst surface, as demonstrated in our dynamic 

experiments in Paper 3. We concluded that the presence of both oxygen species and their 

interactions with alkanes and alkenes are the origin of the C2 yield maximum. This is because 

one selective reaction (methyl radical formation by electrophilic oxygen and methane) competes 

at least with three unselective reactions on the catalyst surface. These are the reaction of 

methane with nucleophilic oxygen and the consecutive reaction of ethene with both oxygen 

species. 

 

 

Figure 17: Results of yield studies, 2 g Na2WO4/Mn/SiO2 catalyst, 15 - 50 Nml/min, 700-800 °C, 
1 ml CH4 pulse, A: methane conversion, B: C2 selectivity, C: C2 yield (Paper 4) 
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3.6.2 Continuous operation of the chemical looping process and comparison with 
steady state process mode 

We also present a continuous operation of the simulated chemical looping concept in Paper 4, 

which is shown in Figure 18. The first oxygen pulse had a higher amplitude as the next one, 

because the catalyst was already oxidized. When the methane pulse was detected we observed 

simultaneously C2 products and carbon dioxide. When the catalyst was reoxidized by the 

following oxygen pulse, water was removed from the catalyst surface. These results indicate 

that the redox properties of the Na2WO4/Mn/SiO2 catalyst material are stable in dynamic 

experiments at reaction conditions for hours. Furthermore, the catalyst reoxidation reaction rate 

must be equal or faster than the OCM reaction rate, because during the experiment the 

methane conversion was constant which indicates that there is no decrease in the stored 

amount of oxygen. Otherwise the methane conversion should be decreased during the 

experimental progress. 

Another aspect is the formation of water. It can be clearly seen that water is only removed from 

the catalyst surface by the oxygen pulse. Therefore, we conclude that water molecules or OH 

groups can remain, even under these hard conditions, on the catalyst surface. It is not clear, 

whether they contribute to the OCM reaction or are involved in the transport processes of the 

reactants. 

In the continuous operation of the chemical looping experiment only one methane pulse was 

injected before the catalyst material was reoxidized. Therefore it is possible that even more 

methane pulses can be converted and utilize the available amount of stored oxygen, before the 

catalyst reoxidation is required. These repetitive pulse experiments will be discussed later. 
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Figure 18: Early and late reactant and product peaks during continuous simulated chemical 
looping, 775 °C, 25 Nml/min, 2 g catalyst, pulses of 1 ml O2 or 1 ml CH4 (Paper 4) 
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A comparison between a co-feed steady state and a simulated chemical looping experiment is 

also presented in Paper 4, which is shown in Table 8. At similar methane conversion we 

observed for the simulated chemical looping experiment a higher C2 yield. Comparing both 

experiments at a similar C2 yield, the simulated chemical looping experiments converts less 

methane more selective. 

Another important parameter which was compared is the space time yield (STY). The STY in 

our continuously operated simulated chemical looping experiments at 775 °C was 

73 µmole(C2)/(h⋅gcat) and 83 µmole(C2)/(h⋅gcat)  at 800°C, respectively. In both steady state 

experiments that parameter was much higher (529 and 970 µmole(C2)/(h⋅gcat)). Such a big 

difference is caused by the fact that the simulated chemical looping setup had much free gas 

space (ca. 60 ml), because of constructive aspects from the piping system and the furnace 

geometry, which requires a long tubular reactor. The free gas space must be filled with the 

carrier gas and also the carrier gas is necessary to transport the reactants (1 ml) through the 

setup. Typically the difference between the dosed reactant volume and the reactor volume is 

much smaller and therefore the STY would be much higher in a large scale reactor.  

Table 8: Comparison between steady state experiment (800 °C, 25 & 50 Nml/min, 250 mg 
catalyst) and simulated chemical looping (2 g catalyst, 1 ml CH4 pulse) (Paper 4) 

Co-feed steady state experiment 
X (CH4) X (O2) S C2 Y 

0.29 1.00 0.63 0.18 
0.18 1.00 0.81 0.15 

Chemical looping – equal methane conversion 
X (CH4) T (°C) Flowrate (Nml/min) S C2 Y 

0.29 775 25 0.74 0.21 
0.18 750 50 0.89 0.17 

Chemical looping – equal C2 yield 
X (CH4) T (°C) Flowrate (Nml/min) S C2 Y 

0.21 775 30 0.87 0.18 
0.19 725 25 0.87 0.16 

 

Based on our findings in Paper 4, a concept for an OCM chemical looping process plant was 

proposed, which is shown in Figure 19. The catalyst oxidation reactor has a similar functionality 

as an air separation unit combined with the oxidizer reactor (Figure 1), because no nitrogen is 

transported to the OCM reactor. In parallel, water is also removed there and no condenser 

behind the OCM reactor is required. The other separation processes, like the CO2 absorber, the 

CH4 separator and the C2 separator, were located according to the proposal of Godini et al. [80]. 

The catalyst oxidation and the OCM reaction could be performed in fluidized bed reactors, 

because the catalyst seems to be resistant against comminution or abrasion which shows 

stable operation in an OCM mini-plant [115]. Otherwise, four fixed bed reactors with alternating 

feeds have to be used, which is not shown here. As demonstrated before, the catalyst 
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reoxidation is very fast and therefore no temperature swing is required during the operation, 

which is also beneficial for a continuous operation. 

 

Figure 19: Scheme of chemical looping of two fluidized bed reactors [81]  (Paper 4) 

In the case of fixed bed reactors with alternating feed, a purge gas is required to remove 

unconverted methane or oxygen, similar to the simulated chemical looping process. One 

attractive compound is carbon dioxide, because it could be more easily separated from the 

unconverted reactants, than nitrogen or other inert gases. Therefore, we switched the carried 

gas in the setup from He to CO2. Because of the high partial pressure of CO2, the calculation of 

the carbon balance was not sufficiently calculated. Thus, the peak areas of C2 products were 

compared by the use of different carrier gases. That parameter is proportional to the amount of 

the corresponding compound. The results are presented in Figure 20. Under CO2 atmosphere 

less C2 products were observed. These results indicate that the catalyst material is less active 

or the C2 products were converted in gas phase by CO2 into H2 and CO in a dry reforming 

reaction. Another alternative sweep gas would be water vapor. 

 

Figure 20: Effect of different carrier gases on C2 production, 1 g catalyst, 20 Nml/min, 1 ml CH4 
pulse, A: Influence on C2H6 production, B: Influence on C2H4 production, 
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3.7 Investigation of the role of the catalyst composition in simulated chemical 
looping experiments and repetitive pulse experiments 

In Paper 5, the composition of the catalyst was systematically varied to understand the 

contribution of each part to the catalytic activity and selectivity. Furthermore, the origin of the 

two different oxygen species was investigated, as well as the two different functionalities of the 

material. 

3.7.1 Variation of the surface concentration of Na2WO4 and Mn on COK-12 support 
The first investigated parameter was the surface loading with Na2WO4 and Mn2O3. Therefore, 

several catalysts were prepared, keeping the total weight loading of 5 wt-% Na2WO4 and 2 wt-% 

Mn(II) constant, supported on silica material (COK-12) which had different specific surface 

areas after calcination. The larger the SSA, the lower was the specific surface concentration of 

both compounds. The screening results at different temperatures are presented in Figure 21. By 

decreasing the specific surface concentration of the catalyst compounds an increase of catalytic 

activity was observed, but the C2 selectivity decreases. At the lowest specific surface 

concentration, the catalytic activity decreases again. We calculated a specific surface 

concentration of 66 Mn/nm² and 33 W/nm², which had the highest catalytic activity. Such effect 

was explained by two related phenomena.  

Firstly, it has to be considered that one of the compounds of the active film, the MnXOY or 

Na2WO4, must be related to the oxygen storage capacity. Further, such high loadings of both 

compounds indicate a multilayered active film on a silica support material, because the 

monolayer concentration of several transient metal oxides supported on silica is reached at 

around 1 atom/nm² [116]. Therefore, the film thickness of the active compounds seems to be 

important. The ratio of oxygen atoms which are available on the catalyst surface for methane 

activation (Osurface) and those ones which are stored in the film of the active compounds (Obulk) is 

defined as Osurface/Obulk. A thick film would result in a low ratio, while a thin film should increase 

that value. Therefore, thinner films lead to higher activity, because more oxygen atoms are 

available for methane activation, when the weight loadings were constant and the SSA was 

increased.  

Secondly, the film thickness of the active compounds layer influences their crystallinity. A thin 

film leads to smaller crystal sizes. On the one hand smaller crystals can be reduced in 

temperature programmed desorption experiments more easily [43]. That means that oxygen 

atoms are less stable bound on thinner films, which may lead to a release into gas phase, 

without contribution to catalytic activity. In addition the catalyst performance depends strongly 

on the structural flexibility of that film [117,118]. A decrease of the crystal size would increase 

the interaction with the support material and the interaction between MnXOY and Na2WO4 would 

decrease, which decreases catalytic activity. 
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Figure 21: Results of single methane pulse experiments on Na2WO4/Mn/SiO2 with different 
specific surface areas, 20 Nml/min, 0.6 g catalyst, 1 ml CH4 pulse, A: methane conversion, B: 
C2 selectivity (Paper 5) 

The results of our repetitive pulse experiments for Na2WO4/Mn/SiO2 catalysts with different SSA 

are presented in Figure 22. In all cases high C2 selectivities were observed and similar to the 

single pulse experiments, the higher the methane conversion the lower was the C2 selectivity. 

We observed for the most active catalyst (3.2 m²/g) also the highest amount of converted 

oxygen (Figure 22 C). Such result validates our hypothesis about the correlation between 

activity and the film thickness as discussed before. According to the calculations of the molecule 

specific oxygen balance, we observed no big difference in the amount of oxygen atoms for 

ethene formation. 
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Figure 22: Results of repetitive methane pulse experiments on Na2WO4 (5 wt-%)/Mn (2 wt-
%)/SiO2 at different specific surface areas, 30 Nml/min, 775 °C, 0.6 g catalyst; A-C: methane 
conversion, selectivity and C2 yield for each pulse; D: oxygen balance (methane based), E: 
oxygen balance (molecule specific, k3/k4 = 7), F: oxygen balance (molecule specific, k3/k4 =2) 
(Paper 5) 
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3.7.2 Variation of the manganese loading on COK-12 support 
Our results of single pulse experiments for catalysts with different manganese oxide loadings 

are presented in Figure 23. We observe an optimum between catalyst activity and manganese 

loading. Na2WO4 rich catalysts show high C2 selectivities but low methane conversions. By 

increasing the manganese oxide loading the catalyst activity increases, but the C2 selectivity 

decreases. The highest performance was observed for 5 wt-% Na2WO4 and 2 wt-% Mn, which 

is the classical composition for this catalyst. Further increase of the manganese oxide loading 

decreases the methane conversion and increases the C2 selectivity again. 

 

Figure 23: Results of chemical looping experiments on Na2WO4/Mn/SiO2 catalysts at different 
Mn loadings and temperatures, 20 Nml/min, 1 g catalyst, 1 ml CH4 pulse, A: methane 
conversion, B: C2 selectivity (Paper 5) 

 

The results of our repetitive pulse experiments for the manganese oxide variation are presented 

in Figure 24. The stored oxygen amount of the most active catalyst (1.58 wt-% Mn) was 

completely converted after 12 methane pulses. Higher loadings need more pulses, while lower 

loadings of manganese oxide require only 8 methane pulses until no methane is converted. 

These results are based on the oxygen balances (Figure 24 C & D) showing that the 

manganese oxide seems to be responsible for the storage capacity of the Na2WO4/Mn/SiO2 

catalyst in chemical looping experiments. That was concluded from the fact that Na2WO4 rich 

catalysts have significantly lower activity and require less methane pulses to reach non-catalytic 

activity. The more manganese was loaded, the more methane pulses were required. The 

amount of stored oxygen differs by factor five.  

We also observed no dependence for the amount of oxygen in the ethylene formation reaction. 

That indicates that the ethylene formation is independent from the catalyst. That was concluded 

because there is no influence on the formation rate neither by the overall surface concentration 

of the Na2WO4/Mn phase nor by variation of the Na2WO4/Mn ratio. Therefore, the formation of 

ethene seems to happen by gas phase reaction steps. During our pulse experiments, no 

stoichiometric amounts of hydrogen, corresponding to the amount of ethylene, were observed. 
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We assume that the hydrogen is quickly consumed by reduction of the catalyst, similar to 

temperature programmed reduction experiments with hydrogen. 

By increasing the manganese oxide loading at constant tungstate loading, the film thickness is 

also influenced. The more manganese is deposited on the surface, the thicker is the film of the 

active compounds on the support material. Therefore much more methane pulses were required 

to reduce the highly loaded catalyst until no catalytic activity was observed. In section 3.7.1 we 

pointed out that the crystallinity of the active phase may contribute also to the catalyst activity. 

For supported manganese oxides such effect was found by different groups. Ji et al. found by 

Raman spectroscopy and XRD that at 2 wt-% Mn the Mn2O3 is formed preferably, where Mn is 

in oxidation state +III [46]. Increasing of the manganese loading forms also the mixed oxide 

MnMn6O12. That species stores less amounts of oxygen, which was also demonstrated by 

Stobbe et al. who performed TPSR experiments with different manganese oxide species [119]. 

They also found that different manganese oxides are reduced by methane to MnO. It has to be 

noted that Na2WO4 can also switch the oxidation state between W+6 to W+5, according to the 

findings of Jiang et al., which may also contribute to the oxygen storage capacity [120]. In our 

repetitive pulse experiments such effect seems to be negligible, because the amount of stored 

oxygen increases by a factor of five but not the loading of the Na2WO4. Therefore, a constant 

amount of stored oxygen would be expected. 
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Figure 24: Results of repetitive methane pulse experiments on Na2WO4 (5 wt-%)/Mn (var. wt-
%)/SiO2 at different manganese loadings, 30Nml/min, 775 °C, 1 g catalyst; A-C: methane 
conversion, selectivity and C2 yield for each pulse; D: oxygen balance (methane based), E: 
oxygen balance (molecule specific, k3/k4 = 7), F: oxygen balance (molecule specific, k3/k4 =2) 
(Paper 5) 
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3.7.3 Variation of the support material 
The results of different supported Na2WO4/Mn/SiO2 catalysts in chemical looping experiments is 

presented in Figure 25. We observed lower methane conversions for the quartz supported 

catalyst compared to the COK-12 supported one, but higher C2 selectivity. Such difference in 

activity was also reported by Yildiz et al. [53]. They found similar activity enhancement of the 

catalyst in steady state experiments at SBA-15 supported catalyst materials and concluded that 

mainly a better distribution of the active compounds contributes to that improvement. In our 

study (Paper 5) we assumed that the enhancement comes not only from a better distribution of 

the active compounds. It has to be considered that the COK-12 supported catalyst has also a 

higher SSA and therefore the film thickness and the crystallinity play also an important role, as 

discussed before. 

 

Figure 25: Results of chemical looping experiments on Na2WO4/Mn/SiO2 catalysts at different 
support materials and temperatures, 1 g catalyst, 700 – 775 °C, 20 Nml/min, 1 ml CH4 pulse 
(Paper 5) 

The results of our repetitive methane pulse experiments for the two different supported 

Na2WO4/Mn/SiO2 catalysts are presented in Figure 26. Two effects were observed. The COK-

12 supported one is more active and stores higher amounts of oxygen, which can be converted 

by methane. For the Quartz supported one much more methane pulses were necessary until no 

methane conversion was observed anymore. These findings support our hypothesis about the 

influence of the film thickness. The COK-12 supported catalyst had the same weight loadings of 

Na2WO4 and Mn but a much higher SSA than the quartz supported one. Therefore, the 

Osurface/Obulk ratio must be higher. As discussed before, the higher that ratio, the more active is 

the catalyst because more oxygen is exposed on the catalyst surface to be converted. 
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Figure 26: Results of repetitive methane pulse experiments on Na2WO4/Mn/SiO2 at different 
support materials, 30Nml/min, 775 °C, 1  g catalyst; A-C: methane conversion, selectivity and 
C2 yield for each pulse; D: oxygen balance (methane based), E: oxygen balance (molecule 
specific, k3/k4 = 7), F: oxygen balance (molecule specific, k3/k4 =2) (Paper 5) 
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The findings of all repetitive pulse experiments are summarized in Figure 27. Three theoretical 

trend lines for different reduction steps of different manganese oxide species were calculated 

and presented (Figure 27 A). These trend lines consider the Mn2O3, Mn3O4 and MnO species, 

which coexist on the catalyst surface [121]. We also found that the total amount of stored 

oxygen, which has to be released for reduction of Mn2O3 into MnO, was never reached. This 

could be explained by the fact that the catalyst material cannot be fully oxidized under OCM 

conditions or a certain amount of oxygen is not available for methane conversion and remains in 

the lattice of the catalyst active phase. It has to be considered that at higher temperatures (ca. 

775 °C) a phase change of Mn2O3 to Mn3O4 was observed, which also indicates a loss of 

oxygen [121]. The influence of the film thickness on the oxygen storage capacity is presented in 

Figure 27 B. We calculated a theoretical film thickness of the active compounds on the support 

material according to equations (36) and (37). 

 
d =

m(Na2WO4)
ρ(Na2WO4) ⋅ Aspec,cat,as prepared

+
m(Mn(II))

ρ(Mn2O3) ⋅ Aspec,cat,as prepared
 

 
(36) 

 
# Layer =

d(Na2WO4)
L(W − O) + 

d(Mn2O3)
L(Mn − O) 

(37) 

 

As discussed before thinner films (below 25 theoretical Layers) lead to lower catalytic 

performance. The increase of the film thickness showed similar results at 43 Layers, which 

shows clearly, that the film thickness is a very sensitive parameter for a high performance 

Na2WO4/Mn/SiO2 catalyst. 

 

Figure 27: Total stored amount of oxygen at differently prepared Na2WO4/Mn/SiO2 catalyst 
materials, A: correlation between oxygen storage capacity and manganese oxide loading, B: 
correlation between oxygen storage capacity and film thickness of Na2WO4 and Mn2O3 (Paper 
5) 
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As presented in the introduction, manganese oxide systems are well-known as oxygen storage 

material in several other chemical looping studies [89]. It is commonly used in methane 

combustion or synthesis gas production. In the case of the OCM reaction on Na2WO4/Mn/SiO2 

the oxidation state of methane changes only from (–IV) to (-III). Therefore, the role of the 

manganese oxide is similar, but the role as catalyst is very different. 

It was demonstrated that Na2WO4 rich catalysts are less active in chemical looing experiments, 

but highly selective for C2 products. As demonstrated, the oxygen storage capacity depends on 

the manganese oxide. Therefore, both compounds seem to have a different role. We concluded 

that on the one hand the tungstate is responsible for the selective activation of methane; maybe 

by involvement of a redox intermediate W5+. On the other hand, the manganese oxide shows 

clearly redox activity but with less C2 selectivity. That was demonstrated by Jones et al. who 

studied the OCM performance of MnXOY/SiO2 catalysts [122]. The cooperation effect between 

both compounds was reported as oxygen spill-over by Jiang et al. [50]. They proposed a redox 

mechanism according to equations (38) - (42). Similar findings were reported by Li [51]. The 

methane is activated on a tungstate species by C-H bond cleavage. Thereby methyl radicals 

are formed, which can couple to form ethane, while tungstate is reduced from W6+ to W5+. The 

manganese oxide is able to reoxidize the tungstate, which enhances the catalyst activity. The 

catalyst reoxidation rate strongly depends on the reoxidation rate of the manganese oxide 

species. However, the findings of Jones et al. indicate that also the manganese oxide is able to 

form active sites for the selective activation of methane [122]. As reported by other groups, 

supported manganese oxides tend to form also deep oxidation products [121,123,112], 

Therefore, the proposed redox mechanism of Jiang et al. has to be extended according to 

equations (43)-(45), which considers further redox activity of manganese oxide, as the total 

oxidation reaction of methane and also a selective activation. However, due to the fact that even 

small amounts of Na2WO4 enhances the methane conversion and the C2 selectivity, the reaction 

rates of equations (38) - (42) must be higher compared to the reaction rates in equations (44)-

(45). Another possible explanation is the number of selective, active sites, which could be lower 

for the manganese oxide system. [46]  

 ∗ −O ∗ −W6+ + 𝐂𝐂𝐇𝐇𝟒𝟒 → H+ − O ∗ − −W6+ − CH3
− Selective CH4 activation 

on WOZ 

(38) 

 H+ − O ∗ − − W6+ − CH3
− → OH−,∗ + 𝐂𝐂𝐇𝐇𝟑𝟑̇ + W5+ (39) 

    

 W5+ → W6+ + e− 
Redox mechanism 

(spill-over) 

(40) 

 Mn3+ + e− → Mn2+ (41) 

 Mn2+ + O2 → Mn3+ (42) 
    

 a Mn2O3 + b 𝐂𝐂𝐇𝐇𝟒𝟒 →→  2 a MnO + b 𝐂𝐂𝐎𝐎𝐱𝐱 + c H2O 
Unselective CH4 

activation 
(43) 

 
 

  

 ∗ −O ∗ −Mn3+ + 𝐂𝐂𝐇𝐇𝟒𝟒 → H+ − O ∗ − −Mn3+ − CH3
− Selective CH4 activation 

on MnXOY 

(44) 

 H+ − O ∗ − − Mn3+ − CH3
− → OH−,∗ + 𝐂𝐂𝐇𝐇𝟑𝟑̇ + Mn2+ (45) 
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We concluded that the proposed oxygen spill-over effect between Na2WO4 and Mn seems to be 

a suitable mechanism to explain our findings. As discussed before, the film thickness of the 

active compounds triggers mainly the activity and the oxygen storage capacity of the catalyst. 

The MnXOY species depends on both parameters and therefore tunes the methane activation 

potential, which could be explained by equations (40)-(42). The thicker the film the more Mn3O4 

is possibly formed. That effect leads to a lower amount of stored oxygen and may also change 

the redox potential of the catalyst material. Another point is the phase change of Mn2O3 to 

Mn3O4, which is similar to an auto-reduction step. Such a reaction would also contribute to the 

catalyst activity. 

4 Conclusions 
In this work we investigated the influences of gas phase reactions on the catalyst performance 

of the OCM reaction. That was done by experiments and simulations of different reactor types, 

which have different mixing properties. In our experimental and also in simulation studies we 

found that the gas phase reaction network is very sensitive to the mixing properties of the 

reactor, indicated by different conversions of methane and oxygen in fluidized bed (CSTR), 

fixed bed (PFTR) and membrane reactor under same reaction conditions. The addition of a 

semi-empirical model of the catalyst functionality, which only generates methyl radicals showed 

that the final selectivities of the reaction products depend strongly on the oxygen dosage 

strategy. High oxygen partial pressures and strong mixing behavior lead to a significant 

decrease of the amount of C2 products. Furthermore, the same effect leads to the formation of 

Hot Spots in the gas phase, which are responsible for a significant increase in the reaction rate. 

The main reasons are the low heat conductivity and heat capacity of the gases, which leads to 

heat transfer problems. Thus, a reactor system is required which improves the catalyst oxidation 

without the presence of high oxygen partial pressures. 

To improve the catalyst oxidation rate, the influences of higher pressure in OCM experiments 

was investigated.  Our results indicate that the adsorption process on the catalyst surface was 

enhanced, which increases the methane conversion and C2 selectivity. Further, the enhanced 

oxidation rate of the catalyst material, caused by enhanced oxygen adsorption, decreases the 

amount of gas phase oxygen. Thus, less gas phase oxidation reactions lead to less formation of 

deep oxidation products. 

In TAP experiments it was demonstrated that weakly bound oxygen, a possible adsorption 

intermediate of gas phase oxygen, influences strongly the methane activation process. Weakly 

bound oxygen leads to deep oxidation products, while strongly bound oxygen seems to be 

responsible for selective methane activation. Therefore, a study of the catalyst under steady 

state conditions is affected by both oxygen species and the reliability of kinetic studies under 

steady state conditions is questionable, because the contributions of both species can hardly be 

resolved. 
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Thus, dynamic experimental techniques, such as TPSR, were used to investigate the catalyst. 

By the use of such techniques, the oxidation process of the catalyst material by gas phase 

oxygen was separated from the OCM reaction. That allowed the investigation of the catalytic 

surface reaction network without the influences by gas phase oxygen and its adsorption 

intermediates on the catalyst. In temperature programmed surface reaction experiments, we 

found that two strongly bound oxygen species are involved in the OCM reaction on the catalyst 

surface. Electrophilic oxygen seems to be responsible for the selective methane activation, 

while nucleophilic oxygen is responsible for the formation of deep oxidation products. The 

formed ethane is quickly converted to ethene in the gas phase by thermal dehydrogenation or 

oxidative dehydrogenation on the catalyst surface. Both oxygen species may also contribute to 

unselective ethene activation. By the variation of the heating rates in methane TPSR 

experiments, an activation energy of 275 kJ/mole for the selective methane activation was 

derived according to the Redhead method. This high energy barrier reflects that the strongly 

bound oxygen species have a comparable nature as lattice oxygen. Further, these results 

indicate a Mars-van-Krevelen like reaction mechanism for the OCM reaction on the 

Na2WO4/Mn/SiO2 catalyst. 

Dynamic experiments at constant reaction temperatures showed that the strongly bound oxygen 

species are stored at OCM conditions for hours on the catalyst surface. We also found a linear 

dependence of the methane partial pressure. An oxygen balance of the formed products gave 

an oxygen storage capacity of 20 O/nm², which indicates the involvement of several sublayers 

from the Na2WO4/Mn phase. As mentioned in the introduction, a structural flexibility of the 

Na2WO4/Mn phase is necessary for a highly active catalyst. Therefore it seems to be possible 

that such an amorphous, flexible structure allows the involvement of many sublayers for 

methane activation reactions. 

Based on our findings we developed a simulated chemical looping setup, despite of a low 

oxygen transport capability RO, which was 0.014 – 0.001. That technique allowed the dosage of 

defined amounts of methane. The main principle of operation was an oxidation step, followed by 

a purge step to remove gas phase oxygen from the reactor by the help of a carrier gas. Then, a 

methane pulse was dosed and unconverted methane and OCM products were transported by 

an additional purge step to the detector. We could show that the Na2WO4/Mn/SiO2 catalyst has 

a stable performance in continuous chemical looping operation. In our yield optimization studies 

we found an apparent C2 yield maximum of 0.25. That seems to be caused by the contribution 

of stored electrophilic and nucleophilic oxygen on the catalyst surface to the OCM reaction, 

which activate methane as well as ethene. A comparison between simulated chemical looping 

experiments and steady state experiments showed that methane can be converted more 

efficiently in dynamic experiments due to the higher selectivity than in steady state mode. In 

Figure 28, we compared the chemical looping results with the literature in order to highlight the 

advantage of this technique for the OCM reaction. At methane conversions lower than 0.3 more 

C2 products are formed in chemical looping experiments than in steady state experiments. That 

difference reflects the involvement of several oxygen intermediates, which contribute in gas 
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phase and on the catalyst surface to alkane and alkene activation in steady state operation. 

Further we demonstrated that also high methane conversions are reachable in chemical looping 

experiments, which cannot be investigated under steady state conditions. The required ratio of 

CH4:O2 in the feed mixture is higher than 0.5, but for this composition the explosive regime is 

reached. 

Due to the fact that no gas phase oxygen is present in chemical looping experiments, the 

methane is completely activated by oxygen from the catalyst surface and the most heat is also 

generated there, which can be much easier removed than in gas phase. It was also highlighted 

that the use of different reactor techniques and feed strategies improve the OCM performance. 

According to the findings of Takanabe et al. the addition of water improves the C2 selectivity at 

low methane conversions additionally. [71] Increased methane conversions lead to the 

formation of more water and therefore that effect is not observable anymore. Godini and 

Coworkers demonstrated the successful operation of a membrane reactor, performing the OCM 

reaction [86]. They demonstrated that the dosage of low amounts of oxygen along the catalyst 

fixed bed had a similar, beneficial effect as the simulated chemical looping experiments. 

Kruglow et al. presented a countercurrent moving bed reactor, where methane is partially 

converted and the C2 products were separated from the rest of the feed [84]. Unconverted 

methane was fed to the next reactor section, which was repeated four times. They reported a C2 

yield of 0.55.  

The conversion of low amounts of a reactant at high selectivities is carried out in the production 

of ethylene oxide in chemical industry. [124] The most important factor is the high price 

difference between ethene and ethylene oxide, which makes such a process economical. Thus, 

the chemical looping seems to have the potential for industrial application, due to its potential to 

increase the selectivity for the desired products. 



Conclusions 

54 
 

 

Figure 28: Comparison of literature results for Na2WO4/Mn/SiO2 catalyst in standard fixed bed 
reactors with simulated chemical looping and other reactor concepts (Paper 4) 
 

One of the most important parameters in chemical looping experiments is the oxygen storage 

capacity, which was investigated by the synthesis of different Na2WO4/Mn/SiO2 catalysts. We 

found a relationship between the storage capacity of oxygen and the manganese oxide loading. 

We also found an influence of the film thickness of Na2WO4/Mn on the support material on OCM 

activity. In addition the formation of ethene seems to be mostly independent from the catalyst 

and takes place only in the gas phase by thermal dehydrogenation of ethane. A summary about 

the functionality of the Na2WO4/Mn/SiO2 catalyst in chemical looping experiments are presented 

in Paper 5 and schematically shown in Figure 29. 

The active compounds Na2WO4 and MnXOY are deposited on SiO2 as support material. The 

sodium ions induce a phase transition of the SiO2 into α-cristobalite [44]. That phase change 

allows a structural flexibility of the Na2WO4/MnXOY mixture under OCM conditions [48]. Such 

amorphous property enables high OCM performance for that material by oxygen spill-over 

reaction between Mn and Na2WO4 [50,51]. During the oxidation of the catalyst material with gas 

phase oxygen an adsorbed oxygen intermediate is formed, which is able to convert methane 

into deep oxidation products [72]. The oxidized catalyst stores electrophilic and nucleophilic 

oxygen species. Those can interact in different ways. Electrophilic oxygen (Oelec.) reacts with 

methane and leads to methyl radical formation. Those radicals can couple, possibly in gas 

phase, and form ethane [54]. Afterwards, it is dehydrogenated in the gas phase to ethene, 

which can be activated by electrophilic oxygen, which forms oxygenates. These oxygenates 

tend to form deep oxidation products. Nucleophilic oxygen (Onucl.) interacts with methane and 

leads to deep oxidation product formation.  That species can be reduced by molecular hydrogen 
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to water and can convert ethene into deep oxidation products by the formation of carbon coke 

as intermediate, which is further oxidized. The role of Na2WO4 seems to be the active site for 

selective activation of methane. The manganese oxide contributes by its complex redox 

properties. On the one hand it is able to oxidize the tungstate species, which enhances the 

formation rate of methyl radicals [50]. On the other hand it also contributes to the formation of 

deep oxidation products. The film thickness of the active phase is another important factor for a 

highly active Na2WO4/Mn/SiO2 catalyst in chemical looping experiments. Thick films store more 

oxygen in the lattice, which is not accessible for methane activation. Under OCM reaction 

temperatures the Mn2O3 could transform also into Mn3O4 [121]. That may suppress the catalyst 

performance. Thinner films show a higher performance, because more oxygen is accessible on 

the catalyst surface for methane activation. Further decrease of the film thickness may 

destabilize the structural flexibility, decreasing the oxygen spill-over effect and finally, decrease 

the catalytic activity. In addition oxygen could be less stable bound and could be more easily 

desorb into the gas phase, causing again unfavorable reactions. 

 

 

Figure 29: Proposed OCM surface and gas phase reaction network, and working functionality 
of the Na2WO4/Mn/SiO2 catalyst in simulated chemical looping experiments [44,48,50,54,72] 
(Paper 5) 
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For more than three decades, the oxidative coupling of methane (OCM) process has been investigated as a promising alter-

native approach for ethylene production. Simulations of different sets of surface mechanisms over the Na2WO4/Mn/SiO2

catalyst and the gas phase reactions that come along with the OCM reaction were analyzed in a fixed-bed, membrane, and

fluidized-bed reactor. The results were compared with the experimental data generated in an OCM mini-plant. It was

observed that the gas phase reactions are crucial in reducing the overall selectivity, especially in the fluidized-bed reactor.

Keywords: Gas phase reactions, Oxidative coupling of methane, Reaction kinetic, Reaction network, Reactor design,
Thermal reaction engineering
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1 Introduction

Global ethylene production capacity was over 140 million
t a–1 in 2013 [1]. Depending on the easier access to various
hydrocarbon resources and their local prices, different feed-
stocks are exploited for producing ethylene in different parts
of the world. For instance, in Asia-Pacific and in Western
Europe, where around half of the world ethylene-production
facilities are located, mainly naphtha is used as the feed-
stock of cracking processes while in North America and the
Middle East, accounting for 40 % of the global ethylene pro-
duction, mainly ethane and natural gas are used as the feed
for crackers. In general, ethane and natural gas are becom-
ing the dominant feedstock for ethylene production. This is
part of a major trend to substitute the oil-based feedstocks
by natural gas for producing chemicals, especially in the US
after the shale gas revolution. Oxidative coupling of
methane (OCM) uses methane as the main component of
natural gas to directly produce ethylene. This highlights the
significance of the OCM process in this trend.

The systematic research on the OCM process started in
DOW Chemical in the early 80s and the first report was
published by Keller and Bhasin [2]. Since then and during
the last three decades, several catalysts and reactor concepts
have been proposed for OCM [3 – 5]. Pioneering work by
Prof. Baerns and his research groups at Ruhr-Universität
Bochum and later at the Institute of Applied Chemistry
Adlershof and Fritz Haber Institute of the Max Planck
Society Berlin are considered to be fundamental and vital
for OCM research in the last three decades [6 – 8]. UniCat
(Unifying Concepts in Catalysis, www.unicat.tu-berlin.de), a
research group coordinated by the Berlin Institute of Tech-
nology and funded by the German Research Foundation
(Deutsche Forschungsgesellschaft), also has the honor of
his associated membership and benefits from his expertise
in the field of OCM.

Further advancing the understanding of the OCM reac-
tion mechanism and improving the performance of the
OCM catalyst, reactor and process have been the main mo-
tives of Prof. Baerns and UniCat’s OCM research group. In
this paper, the issue of the selectivity is addressed in the
context of catalyst and reactor performance analysis with
the view on the OCM reaction mechanism. The effect of
homogeneous gas phase reactions and catalytic activity in
different reactors are investigated in details.

1.1 Reaction Mechanisms and Important Aspects

In the early eighties, Lunsford and co-workers showed that
the methyl radical formation by hydrogen abstraction and
radical coupling are the fundamental mechanisms of the
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OCM reaction [9]. There are some macro [7, 10, 11] and micro-
kinetic models [12 – 15] that combine methane activation via
adsorbed oxygen, methyl radical formation, coupling, oxida-
tion of methane and the products, reforming, and dehydro-
genation reactions to represent the OCM reactions network.

An OCM kinetic model should consider the contribution
of both gas phase and catalytic reactions in order to predict
the methane conversion and product selectivity. The major
challenge, however, is to determine the kinetic parameters
for the modeling of the surface reactions, which are strongly
influenced by the gas phase contribution.

Dooley and co-workers published an extended micro-
kinetic mechanism of the methane oxidation in homo-
geneous gas phases [16]. However, simulations with the
Dooley model and comparing the results with the experi-
mental data enable predicting the conversion and selectivity
with high accuracy [17]. Therefore, this model was used
here in the simulation part of this investigation to represent
the gas phase contributions to the OCM reaction [16].

1.2 Limitations of Catalyst, Reactor and Operating
Conditions

The OCM net energy balance is highly exothermic and with
increasing conversion of methane, the operating tempera-
ture continually increases until the temperature gradient
between the reaction temperature and the temperature
in the external surrounding environment becomes high
enough to transfer the excess generated heat out of the cata-
lytic bed. Approaching the reactor end, both methane and
oxygen (in reactors with co-feeding structure) are progres-
sively consumed and the operating temperature decreases.

Being able to control the reactor’s operating temperature
not only secures a safe reactor operation, but also improves
the reactor performance in terms of selectivity and yield of
ethylene. This is mainly because of the crucial effect of tem-
perature on gas phase reactions. Significance of the effect of
gas phase reactions [18 – 21], however, is different in different
reactor feeding policies. Therefore, choosing a proper reactor
and set of operating conditions can significantly enhance the
OCM reactor performance with respect to all these aspects.

A wide range of the reactor concepts has been proposed
for the OCM application. Each type of reactor offers an
advantage with respect to one or some of the OCM reactor
performance indicators. Usually the fixed-bed reactor is con-
sidered to be a standard reactor concept and offers a simple
construction and operation in industrial-scale operation.
Although this is not completely the case for the OCM reac-
tor, it is reasonable to investigate the performance of a fixed-
bed reactor for the OCM reaction. On the other side, flui-
dized-bed reactors seem to be one of the advantageous and
ultimate choices for the OCM reaction unit due to their iso-
thermal performance [22 – 24].

It is also a fact that low concentrations of oxygen are
advantageous for high C2 selectivity [25 – 27]. The partial

pressure of oxygen can be reduced by either a diluted gas
stream or an inorganic membrane to distribute the oxygen
along the bed and keeping its local concentration low. This
is the operating concept of the OCM membrane reactor.
Among the membrane reactor structures applied for the
OCM reaction so far, the porous packed-bed membrane
reactor (PBMR) offers a fine oxygen-dosing potential and
provides a proper permeation and contact-volume ratio.
Therefore, it allows achieving a significant amount of
methane conversion which ensures a high level of C2 yield.

The performance of the fixed-bed [28, 29], fluidized-bed
[23, 24] and membrane reactors [29 – 32] for OCM were
experimentally investigated in UniCat’s OCM mini-plant.
The observed performances will be discussed here based on
the mechanisms of the OCM reaction simulated with the
detailed micro-kinetic model. Obviously, this analysis will
be performed in the context of the whole OCM process ana-
lysis. For instance, injecting an inert diluting gas such as
nitrogen, which is prescribed to overcome the challenge of
hot spot formation in the fixed-bed catalytic reactor, will
itself increase the costs of down-stream units markedly.

Performing current experimental and model-based analy-
sis aims to assess the contribution of gas phase reactions on
the OCM reactor performance. A simplified catalytic model
which represents a solely radical generation mechanism is
exploited in this analysis as a key tool.

2 Experimentation

The performed experimental activities in this investigation
are briefly reported here. The catalyst preparation and
characterization have been described elsewhere in details
[33].

The Na2WO4/Mn/SiO2 catalyst has shown a promising
potential [34 – 38] and was used in the experimental part
of this project. In most of the reports, this catalyst has
been prepared by the incipient wetness impregnation
method according to the reported recipe by Wang et al.
[35]. Detailed experimental aspects for testing the
Na2WO4/Mn/SiO2 catalyst in fluidized-bed, fixed-bed and
membrane reactors have also been provided in our pre-
vious publications [23, 24, 31].

2.1 Experimental Setup

The original 600 mm long tubular a-alumina microfiltration
membrane was purchased from Fraunhofer Institute for
Ceramic Technology and has a 7 mm inner diameter (ID),
1.5 mm thickness and 3 lm average pore size. This commer-
cially available membrane was coated with glassy materials
(BOTZ) to provide the desired permeation range of
1 – 15 cm3cm–2min–1bar–1 [31]. The modified ceramic mem-
brane is implemented inside the metal reactor module and
separates the shell side with the inner diameter of 20 mm
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and the tube side with the outer diameter (OD) of 10 mm.
Inside the ceramic membrane, a WIKA k-type multipoint
thermocouple (with 3 mm OD stem) is located along the
reactor, which enables measuring the reaction temperature
in 10 points.

The temperature of the fluidized-bed reaction zone was
also recorded via multipoint thermocouple in 8 points. In
the fluidized-bed reactor setup the operating temperature
can be controlled in the range of 10 K deviation along the
bed. It has a 40 mm inner diameter. The block-flow dia-
grams of the reactor setups are shown in Fig. 1.

The membrane reactor module was implemented inside
an electrical tubular furnace where the operating tempera-
ture is varied using a two-zone electrical heating. Two sepa-
rate thermocouples are located behind the metal shield
inside the furnace and measure the temperatures in each
zone of the furnace. By assigning the set points to these
temperatures and controlling them, the heat duty of each
electrical heating element is tuned. Therefore, the applied
high-frequency on/off heating/non-heating mechanism in

this furnace allows controlling the temperature along the
reactor. A similar split tubular furnace was used for the flui-
dized-bed reactor. It should be highlighted that the recorded
operating temperature inside the catalytic bed is affected
mainly by two factors, namely 1) the reaction rate and che-
mically generated heat, and 2) the value of the set tempera-
ture in the surrounding electrical tube furnace (TW) [32].
The second factor also affects the reaction rate inside the cat-
alytic packed bed. The values of the applied temperature of
the electrical heaters, the set points and the measured
values of the feed flow rates and operating pressures were
set and monitored online.

An IR gas analyzer monitors the concentration of ethy-
lene, ethane, methane, carbon dioxide, and oxygen in the
reactor outlet gas stream. The precision of the measure-
ments performed using the IR gas analyzer was confirmed
using GC sampling. Having considered the precision of the
measurements and control devices, the observed selectivity,
conversion and yield in average have ± 10 % margin of error
in reference to their reported values in this paper.
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Figure 1. The block-flow diagram of the investigated reactor setups; (a) fluidized-bed reactor setup; (b) fixed-bed and membrane
reactor setup.
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3 Model-Based Analysis

A comprehensive micro-kinetic model of the Na2WO4/Mn/
SiO2 catalyst has been published by Lee and coworkers [39].
This mechanism represents two adsorption steps and
14 surface reactions. However, the residual of each kinetic
parameter (uncertainty for calculating the value of para-
meters) is between 0.33 – 1. This is due to the fact that not
considering the gas phase reactions leads to substantial
errors and the conclusion that the effect of gas phase reac-
tions should be included in the kinetic model. On the other
hand, the mechanism suggested by Dooley et al. includes
269 species and 1583 reactions and efficiently represents
the gas phase reactions.

In this research, a semi-empirical micro-kinetic surface
reaction model of three reaction steps (Tab. 1) is proposed as
a constant source for methyl radical formation to represent
the catalytic surface reaction, which can interact with the
gas phase reactions along the reactor.

Considering dummy thermodynamic data and the reac-
tion order of zero for oxygen enable the assumption of the
steady state conditions at the catalyst surface and neglecting
the influence of the generated heat at the catalyst surface on
the adsorption processes. Kinetic properties were chosen in
a way that the reoxidation (rate equations 1 and 3 in Tab. 1)
is not limited and it is considered to be much faster than
the methane activation. This reduced surface model allows
the simulation of an ideal catalyst which enables analyzing
the effects of gas phase reactions. The relative rates of the
gas phase and surface reactions and their dependency on
the operating temperature and activity of catalyst has been
investigated before [40]. There, it has been reported that the
methyl radical generation over the catalyst surface is a
strongly temperature-dependent reaction and is dramati-
cally slower than the temperature-independent radical cou-
pling reaction in the gas phase.

Pre-exponential factors and activation energies reported
in Tab. 1 were fitted to predict the performance of the fixed-
bed reactor. For accurate modeling, both the thermal and
reaction performance indicators were exploited to determine
the kinetic parameters. For instance, it was tried to capture
the observed axial temperature profiles of the fixed-bed and
membrane reactor in the simulation. No radial profile was
considered, because no adequate experimental data with
regard to the radial temperature profile were available.
Moreover, enormous amounts of numerical calculations are

required in the case of using two-dimensional models which
leads to a long time simulation. Side reactions on the reac-
tor wall and on the quartz granulates were neglected, since
they have been found to be negligible also in former experi-
ments [31]. The specific surface area was set to 2 m2g–1 for
the catalyst, which is consistent with the BET analysis of this
catalyst [33]. The number of active centers was set to
4 O* nm–2, which is in the range of reported values for var-
ious supported oxidation catalysts [41, 42].

The software Reaction design Chemkin was used for the
simulation. Pressure drop was calculated by the Ergun
equation for the fixed-bed and membrane reactors. The
Reynolds number for the reactor was calculated to be
around 5700, indicating a turbulent flow regime. Consider-
ing these facts makes it possible to simulate the fixed-bed
reactor with the PFTR (Plug Flow Tubular Reactor) model.

Simulations of the membrane reactor were carried out by
dividing the reactor into a system of 7 equal PFTR’s, follow-
ing the same assumptions as mentioned for the fixed-bed
reactor. Between each PFTR pair, a zero dimensional mixer
with an oxygen inlet was placed, as oxygen source and for
representing the membrane reactor. The fluidized-bed reac-
tor was modeled by a CSTR (Continuous Stirred-Tank Reac-
tor) model which advocates an isothermal performance. All
reactor and catalyst properties were kept for simulations as
they were in the experimentation.

4 Results and Discussion

In the context of this research, the observed performance of
OCM reactors in miniplant-scale operation, especially the
effects of methane-to-oxygen ratio and gas dilution in all
three reactors, were analyzed.

Increasing the methane-to-oxygen ratio usually increases
the C2 selectivity mainly because of reducing the partial
pressure of oxygen in the reaction mixture. Such a trend is
typical as shown in Fig. 2 for the co-feed as well as the oxy-
gen dosing reactors. Nevertheless, using inert gas dilution
reduces the partial pressure of both oxygen and methane in
the gas phase and therefore also reduces the rates of the un-
desired gas phase reactions. Using a proper amount of gas
dilution also can improve the OCM reactor performance as
a result of establishing a better thermal operation. Here, it
is attempted to distinguish between these thermal and reac-
tion effects. This can be achieved by analyzing the effects of
dilution in fixed-bed, membrane, and isothermal fluidized-
bed reactor. Special attention is devoted to highlight the
effect of dilution on the intensity of gas phase reactions in
an OCM reactor. For instance, under the isothermal perfor-
mance of the OCM fluidized-bed reactor, it has been observed
that introducing higher amounts of nitrogen significantly
affects the reactor performance by improving the C2 selectiv-
ity and suppressing the undesired gas phase reactions [24].

In all cases, nitrogen dilution significantly enhances the
C2 selectivity. Therefore, usually the lowest C2 selectivity is
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Table 1. Pseudo micro-kinetic for surface reactions to describe
the generation rate of methyl radicals.

No. Reaction step kpre [s–1] EA [kJ mol–1]

1 O2 + 2 V* → 2 O* 3 · 106 40

2 CH4 + O* → CH3
� + OH* 3 · 105 120

3 2 OH* → H2O + O* + V* 3 · 106 40
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achieved when the lowest nitrogen dilution and methane-to-
oxygen ratios are employed. In the case of membrane and
fixed-bed reactors, however, the effects of dilution (using
excess methane or nitrogen dilution) are coupled with the
thermal heat transfer effect.

In an OCM membrane reactor, as is seen in Fig. 2, despite
of the observed moderate reduction in methane conversion,
C2 yield usually is improved by increasing the nitrogen
dilution. By increasing the methane-to-oxygen ratio in a
membrane reactor, C2 yield usually is decreased due to the
reduction in both methane conversion and operating tem-
perature. Therefore, as has been demonstrated in Fig. 2c,
due to the thermal effect of gas dilution (using excess
methane or nitrogen dilution), the trend of C2 yield
might show a local maximum in membrane reactor op-
eration.

It can be generally concluded that the quantitative impact
of the inert dilution on improving the C2 yield in the OCM
reactor depends on the current range of C2-selectivity, the
intensity of the generated reaction heat and the possibility
to control the reaction temperature and maintain the de-
sired level of methane conversion. The last thermal factor is
not reflected in the isothermal fluidized-bed reactor.

Similar trends were observed for the performance of the
Sr-La2O3/CaO catalyst in a fluidized-bed reactor but with

lower C2 selectivity and yield. Beside these two important
stable catalysts, many other types of OCM catalysts have
been reported in literature. For instance, LiMgO catalyst has
been used in several experimental researches. However, this
catalyst and most of other catalysts so far reported for OCM
have not proven to be stable enough for continuous indus-
trial application.

4.1 Simulation Results

After reviewing the experimental observations, it is tried to
distinguish these aspects in the model-based analysis of the
OCM performance in the different reactors based on differ-
ent sets of catalytic and gas phase reactions. All obtained
experimental and simulation results are shown in Tab. 2.

Here, X, Y, S represents the conversion, yield and selectiv-
ity, respectively. All experimental data were selected at simi-
lar methane conversion for better comparison. Two major
differences between these reactor types are the mixing beha-
vior and the oxygen feeding policy. On the one hand, the tur-
bulent gas fraction is responsible for a well-mixed isother-
mal fluidized bed reactor. On the other hand, a lower void-
fraction in the fixed-bed or membrane reactor results in
local mixing and non-uniform temperature distribution.
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Figure 2. Effect of gas dilution on the performance of the investigated reactors; (a, b) fluidized-bed; (c, d) membrane reactor.
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This also means that more space is available for the gas
phase reactions in the fluidized-bed reactor. Furthermore,
the initial partial pressure of oxygen is relatively higher for
the fixed-bed and fluidized-bed reactor in comparison to its
low value in the membrane reactor. These differences can
explain the following observations.

The experimental data show a higher C2 selectivity in the
membrane reactor in comparison to the fluidized-bed reac-
tor. All different models describe this trend with different
accuracy. Simulations of the fixed-bed and membrane reac-
tor with the Dooley mechanism alone (gas phase) show very
low methane conversion in comparison to the fluidized-bed
reactor. For the fluidized-bed reactor, significant combustion
products were predicted. This is the first indication of domi-
nant gas phase side reactions for this reactor due to its high
initial oxygen concentration and a totally mixed system.

The combination of gas phase reactions and the micro-
kinetic model for the catalyst surface reported by Lee et al.
shows more complicated results. Simulation results for the
membrane reactor in this case show no methane conver-
sion. This is mainly due to the presence of high amounts of
nitrogen, which results in an extremely low oxygen partial
pressure, low space for the gas phase reactions and a short
residence time. This is an indication that the membrane
reactor model has a strong quenching behavior. The high
amount of nitrogen and low oxygen partial pressure prevent
any reactions in the gas phase and consequently over the
catalyst surface. Testing the initial conditions for the fixed-
bed reactor in this case also showed no methane and oxygen
conversion. For the fixed-bed reactor the precise prediction
of methane conversion and C2 selectivity was not possible
via the model-based analysis using the aforementioned
model combination. Moreover, the C2 selectivity for the
simulated fluidized-bed reactor drops slightly in comparison
to the case where a pure gas phase model was used. This is
due to the effect of catalytically formed ethane and/or ethy-
lene which are less stable than methane and might be oxi-
dized by gas phase reactions. The oxidation of the formed

methyl radicals may also be a plausible
reason for these observations.

Implementation of the Dooley gas
phase reaction network and the simple
micro-kinetic surface reaction model
reported in Tab. 1 show a similar situa-
tion for prediction of conversion and
selectivity in all reactor types. It is seen
that the proposed simple micro-kinetic
surface reaction model is at least as
good as the model which used the de-
tailed gas phase and surface micro-ki-
netic reported by Lee et al. In case of
the membrane reactor, the observed
performance indicators are not differ-
ent from the other model-based analy-
sis. Therefore, it can be concluded that
the observed very low values of

methane conversion are due to the quenching behavior of
this system.

A detailed prediction of the reaction progress in terms of
methane conversion and C2 selectivity for the fixed-bed reac-
tor is shown in Fig. 3. The proposed simplified model pre-
dicts the methane conversion and C2 selectivity for the fixed
bed reactor very satisfactorily. Its prediction potential in this
case is better than the model proposed by Lee et al. The C2

selectivity at the reactor inlet is very high and drops con-
stantly as methane and oxygen conversion increase along
the reactor, while COX selectivity increases. The products of
the gas phase reactions in this case determine the perfor-
mance of the fluidized-bed reactor and the accuracy of the
selectivity is not similarly high.

The fluidized-bed reactor shows significant contribution
of the gas phase reactions in all three models. This is espe-
cially highlighted in the simulation results based on the
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Table 2. Comparing the observed performances of various reactor types and their simulation
results to identify the contributions of the gas phase and surface reactions.

Reactor Parameter Exp. result Dooley Mech. Dooley + Lee Dooley + semi-emp.

Membrane
reactor

XCH4
0.33 ≈ 0 ≈ 0 ≈ 0

SC2
0.65 0.55 0.99 0.99

SCOx
0.35 0.45 0.01 0.01

Fixed-bed
reactor

XCH4
0.32 0.01 0.02 0.34

SC2
0.53 0.99 0.65 0.56

SCOx
0.47 0.01 0.35 0.44

Fluidized-bed
reactor

XCH4
0.35 0.29 0.29 0.30

SC2
0.40 0.14 0.11 0.12

SCOx
0.60 0.86 0.89 0.88

Figure 3. Prediction of the reaction-progress in the fixed-bed re-
actor using the gas phase model and pseudo surface kinetic mod-
el with measured temperature profile (3 nmL s–1 N2; 2 nmL s–1 CH4;
1 nmL s–1 O2; 3.5 g catalyst; 3.5 g inert quartz).
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pure gas phase reactions. Including the surface kinetic mod-
els into the model also shows similar results. The simu-
lation results of the fixed-bed reactor show relatively low gas
phase reactivity. Including the surface reactions in this
simulation in the form of the proposed simple micro-kinetic
model results in an acceptable prediction of the methane
conversion and C2 selectivity. For the case of membrane
reactor, which has the lowest gas phase reactivity, all models
fail to predict the experimental results. All these facts lead
to the conclusion that there is a very complex situation at
the surface of OCM catalysts, which cannot be easily de-
scribed by a standard model and considering a single active
site. In fact, catalytic activity can be divided into two parts.
This follows the idea of Ahari et al. [43], which is presented
in Fig. 4.

On one hand, the activity and conversion rates correspond
to Eqs. (1) and (2) in Tab. 1. On the other hand, the selectiv-
ity is dominated by deep oxidation mechanisms over the cat-
alyst surface and the methyl radical coupling process in the
gas phase. Both of these interactive phenomena together
are responsible for product formation. After this step, the
product is completely decoupled from the catalytic system
and follows the basics of thermodynamics and kinetics of
gas phase reactions. Improving the yield can only be
achieved by controlling these phenomena.

The first part of the catalytic cycle is started by the funda-
mental phenomenon of adsorption. In all kinetic models,
the molecular oxygen is adsorbed and interacts directly with
an active center of the catalytic material. The newly formed
species are responsible for methane activation as well as
deep oxidation processes over the surface. The stoichio-
metry of the active oxygen species is set to molecular or
atomic oxygen, but still unclear. In our previous paper, it
was shown that a more complex adsorption phenomenon
takes place on the Na2WO4/Mn/SiO2 catalyst. It was shown
that two different oxygen species determine the type of cata-
lytic activity. On the one hand, there is a weakly bound oxy-
gen species, which is responsible for deep oxidation reac-
tions. On the other hand, there is a stronger adsorbed
species, which activates methane in a selective way [44].

This fact makes it clear that the characteristics of oxygen
adsorption play a crucial role on the surface activity. How-
ever, another parameter is the number of active sites. It is
very difficult to determine this number, since it requires
identification as well as the quantification.

The methane activation process follows the properties of
the different adsorbed oxygen species at the catalyst surface.
Right at this point, each of the investigated reactors will be
differently affected by this behavior because of the different
oxygen dosing strategies. The membrane reactor has an
excess of nitrogen in the axial inlet position. The oxygen par-
tial pressure increases along the axial position and promotes
more and more oxygen adsorption. In the fixed-bed reactor,
the initial oxygen partial pressure is on its maximum and
drops by catalytic and gas phase reactions. At the end of the
reactor, the oxygen adsorption limits the catalytic activity.
For the fluidized-bed reactor, the situation is totally differ-
ent. The strong mixing of reactants and products in this
reactor provides an almost constant partial pressure of oxy-
gen in the whole volume.

The second point is that the selectivity is controlled in the
beginning by the process of coupling of methyl radicals in
competition to the methane combustion reaction. This step
can later be influenced by the adsorbed oxygen, which leads
to deep oxidation of the products. Besides observing these
surface phenomena, the same situation is present in the gas
phase. In addition to this point, each reactor system influ-
ences this sensitive reaction network also by different contri-
butions of void fractions and oxygen dosage. In the mem-
brane reactor the coupling process is the dominant step in
the gas phase. The deep oxidation takes place at the catalyst
surface. In contrary, the fluidized-bed reactor provides a lot
of gas phase oxygen which makes it easier to follow the
route of products combustion in the gas phase reactions net-
work. This is clearly shown according to the simulation
results reported in Tab. 2 and Fig. 3 where the fluidized-bed
reactor model using only Dooley’s mechanism, which repre-
sents only the gas phase reactions, shows a high level of
methane conversion and a very low level of selectivity. The
predominant process can be recognized from Fig. 3. Here it
can be explained that the formation of ethane is secured via
coupling of methyl radicals. This step is later followed by
combustion processes as higher conversions and lower
selectivity are obtained.

The reaction routes in the fixed-bed reactor change over
the length. At the inlet of this reactor, the coupling process
dominates to provide a high selectivity at low conversions,
which changes with the formation of thermodynamically
less stable products like ethane and ethylene. Along with
intensive methyl radical coupling, the C2-products are
exposed to the gas phase reaction network. The easier activa-
tion of ethane compared to methane plays the major role
now and starts facilitating the competitive oxidation. As a
result of this situation, further oxidation of ethylene is also
encountered, ending with the significant concentration of
deeply oxidized products. At this point, the simple micro-
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Figure 4. Scheme of the OCM surface reaction mechanism [43].
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kinetic surface mechanism shows already that the gas phase
reactions significantly contribute to the COx production
since no deep oxidation reactions are included in this mod-
el. Beside the effect of oxygen partial pressure, temperature
also has the strongest influence on this network (Fig. 5).

The initial feed temperature was set to 800 °C and the heat
transfer potential was not considered in the model. This sce-
nario leads to a hot spot formation. The combustion of
alkanes strongly increases the local heat formation. At this
point, the reaction system favors the combustion routes,
which is accelerating itself. It should be emphasized, how-
ever, that the selectivity is affected by the level of hot spot
and conversion.

The membrane reactor quenches most of the gas phase
steps, as shown in the simulation. Reviewing the reported
data in Tab. 2 for the model which uses Dooley mechanism
shows no gas phase activity, which is due to quenching
effect. This is the main explanation for the highest observed
C2 selectivity in the experiments. The fluidized-bed reactor
shows significant potential for the gas phase reactivity,
which was reflected in the experimental and simulation
results as the high selectivity towards deep oxidation pro-
ducts. For the fixed-bed reactor, the fraction of C2 products
causes more combustion products, because the gas phase
oxidation has a strong influence at the outlet, but shows a
minor oxidation potential at the reactor entrance where
more stable reactants exist.

It became clear that oxygen adsorption, activation phe-
nomena, and the gas phase reaction network influence each
other strongly, which limits the methane conversion as well
as the C2 selectivity. This becomes most evident by the fact
that a simple methyl radical formation mechanism in com-
bination with a comprehensive gas phase model predicts

most of the observed results in three different reactors in a
satisfactory way.

It can be clearly concluded that the reactor design has a
strong influence on the ratio of gas phase and catalyst con-
tributions. In order to overcome the yield limitation, as a
consequence of restricted conversion and declining selectiv-
ity, the reactor engineering should clearly be the main focus
of the further OCM process development.

4.2 Limitations of Kinetic Modeling

The simplified model implemented in this research consists
of an individual surface-activation step and several gas
phase reactions and was clearly able to predict the general
trends of the reactor performance. As a result, it was high-
lighted how important it is to consider the contribution of
the gas phase reactions and it became clear that the gas
phase chemistry is not only a minor side reaction, but an
essential part of the main reaction path. However, this is
only a first step and further detailed mechanisms and inter-
active effects should be considered in order to improve the
predicting potential of kinetic models.

The used minimal surface mechanism is not complete,
but due to the lack of data and considering the nature of
consecutive reactions, they have not been included in this
simulation. The modeling approach in this manuscript is
completely different from the ones reported in literature.
Here, it was aimed to see how the contribution of the gas
phase reactions can be predicted using this simplified mod-
el. Another aim is the identification of missing steps in the
surface model.

For instance, the Lee mechanism has several surface spe-
cies included, but shows only low activity, which indicates
the restrictions with regard to predicting the activation of
hydrocarbons. This fact makes it clear that this micro-
kinetic model does not cover all necessary reactions steps or
its kinetic parameters have not been determined adequately.

Moreover, the implemented simplified model in this
research fails to predict the performance of the reaction
atmosphere with low partial pressure of oxygen because of
too low values of oxygen binding parameters of the surface
of the catalyst. These values should be properly tuned in
order to ensure realistic levels of catalytic activation of all
involved species.

Another aspect which should be considered is the forma-
tion of hydrogen or carbon deposition, as was observed in
our experiments. However, similar to several other available
kinetic models [10, 11], these aspects have not been consid-
ered in the modeling due to difficulty of establishing the full
mass balance of the species in separate streams.
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Figure 5. Reaction progress of the fixed-bed reactor with the gas
phase model and simple micro-kinetic surface model by solving
the free energy equation (hot spot formation) with the initial
temperature of 800 °C (3nmL s–1 N2; 2 nmL s–1 CH4; 1nmL s–1 O2;
3.5 g catalyst; 3.5 g inert quartz).
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4.3 General Thermal Engineering Observations

In the context of OCM reactor engineering, it is not an exag-
geration to claim that the thermal engineering remains to
be the main challenging task in designing an efficient OCM
reactor. It can be concluded that due to the applied heating/
non-heating procedure in the electrical furnace, the cooling
effects of the inert gas dilution might not be completely
tracked down in the observed experimental trends. Most of
the experimental studies reported for the OCM reactors so
far have also been performed using electrical furnaces and
have exploited similar mechanism to control the thermal
performance of the OCM reactors. Therefore, in the re-
ported trends of the reactor performance indicators in these
cases, also the effect of changing the reaction temperature
is not clearly separable from the effect of introducing the
inert dilution. This thermal control mechanism acts like
implementing a constant reactor wall policy. In case of
implementing a constant heat flux, this effect will be better
highlighted and distinguished. However, this procedure also
has its own limitations and in any types of the applied con-
trol mechanisms using electrical furnaces, there is a need
for fine-tuning the frequency of the electrical power to
maintain a stable thermal and reaction performance in the
OCM membrane reactor.

The procedure of heating also has a crucial impact on the
reactor performance. In order to clarify this, the thermal
reaction performance of the OCM reactor was investigated
under the co-feeding scenario. It was observed that when
the operating temperature is rising, the C2 yield and C2H4

yield are also rising up to a certain level. In this experimen-
tation, even a C2 yield of 29.5 % and a C2H4 yield of 23.6 %
were temporarily recorded. After a short time, the yield
decreases again. This is assumed to be closely related to the
rate of methyl radical generation over the surface of the
OCM catalyst and the intensifying combustion effect in the
gas phase due to temperature rise. This phenomenon was
observed repeatedly in numerous experiments.

5 Conclusions

According to the performed experimental and model-based
analysis, it was shown that the proposed simple micro-
kinetic surface model coupled with a comprehensive gas
phase model is capable of predicting the performance of a
fixed-bed and a fluidized-bed reactor with the same preci-
sion as a detailed formal kinetic model does.

The fraction of weakly or strongly adsorbed oxygen over
the catalyst surface is a crucial factor for the selectivity. Oxy-
gen feeding policy plays an important role in this regard.
For instance, in the membrane reactor where the oxygen
partial pressure increases gradually along the bed, more oxy-
gen adsorption and possibly stronger adsorption will be
observed at the end of reactor. It is opposite to the case of
the co-feed fixed-bed reactor. At the front end of the fixed-

bed reactor, weak oxygen adsorption limits the catalytic
selectivity. In the fluidized-bed reactor, however, a signifi-
cant portion of gas phase reactions is responsible for the ob-
served low selectivity.

Acknowledgment

The authors acknowledge the financial support from the
Cluster of Excellence „Unifying Concepts in Catalysis“ coor-
dinated by the Technische Universität Berlin and funded by
the German Research Foundation (Deutsche Forschungs-
gemeinschaft).

References

[1] W. R. True, Oil Gas J. 2013, 111 (7).
[2] G. Keller, M. Bhasin, J. Catal. 1982, 73, 9 – 19.
[3] E. Kondratenko, M. Baerns, in Handbook of Heterogeneous

Catalysis, Wiley-VCH, Weinheim 2008, 3010 – 3023, Ch. 13.17.
[4] U. Zavyalova, M. Holena, R. Schlögl, M. Baerns, ChemCatChem

2011, 3, 1935 – 1947.
[5] K. Langfeld, B. Frank, V. E. Strempel, C. Berger-Karin, G.

Weinberg, E. V. Kondratenko, R. Schomäcker, Appl. Catal., A
2012, 417, 145 – 152.

[6] M. Baerns, in Methane Conversion by Oxidative Processes: Fun-
damental and Engineering Aspects (Ed: E. E. Wolf), Van Nos-
trand Reinhold, New York 1992, 382 – 402.

[7] Y. Stansch, L. Mleczko, M. Baerns, Ind. Eng. Chem. Res. 1997,
36, 2568 – 2579.

[8] L. Mleczko, M. Baerns, Fuel Process. Technol. 1995, 42, 217 –
248.

[9] D. Driscoll, J. Lunsford, J. Phys. Chem. 1985, 89, 4415 – 4418.
[10] M. Daneshpayeh, A. Khodadadi, N. Mostoufi, Y. Mortazavi,

R. Sotudeh-Gharebagh, A. Talebizadeh, Fuel Process. Technol.
2009, 90, 403 – 410.

[11] T. P. Tiemersma, M. J. Tuinier, F. Gallucci, J. A. M. Kuipers,
M. V. S. Annaland, Appl. Catal., A 2012, 433 – 434, 96.

[12] J. W. Thybaut, J. Sun, L. Olivier, A. C. Van Veen, C. Mirodatos,
G. B. Marin, Catal. Today 2011, 159, 29 – 36.

[13] P. N. Kechagiopoulos, J. W. Thybaut, G. B. Marin, Ind. Eng.
Chem. Res. 2014, 53, 1825 - 1840.

[14] M. Y. Sinev, Z. T. Fattakhova, V. I. Lomonosov, Y. A. Gordienko,
J. Nat. Gas 2009, 18, 273 – 287.

[15] Y. Simon, F. Baronnet, P.-M. Marquaire, Ind. Eng. Chem. Res.
2007, 46, 1914 – 1922.

[16] S. Dooley, M. P. Burke, M. Chaos, Y. Stein, F. L. Dryer, V. P.
Zhukov, O. Finch, J. M. Simmie, H. J. Curran, Int. J. Chem.
Kinet. 2010, 42, 527 – 549.

[17] S. Mavlyankariev, Ph.D. Thesis, Technische Universität Berlin
2013.

[18] H. Zanthoff, M. Baerns, Ind. Eng. Chem. Res. 1990, 29, 2 – 10.
[19] P. M. Couwenberg, Q. Chen, G. B. Marin, Ind. Eng. Chem. Res.

1996, 35, 415 – 421.
[20] P. M. Couwenberg, Q. Chen, G. B. Marin, Ind. Eng. Chem. Res.

1996, 35, 3999 – 4011.
[21] O. Korup, S. Mavlyankariev, M. Geske, C. F. Goldsmith,

R. Horn, Chem. Eng. Process. 2011, 50, 998 – 1009.
[22] U. Pannek, L. Mleczko, Chem. Eng. Sci. 1997, 52, 2429 – 2434.

www.cit-journal.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2014, 86, No. 11, 1906–1915

1914 Research Article
Chemie
Ingenieur
Technik



[23] S. Jaso, S. Sadjadi, H. R. Godini, U. Simon, S. Arndt, O. Görke,
A. Berthold, H. Arellano-Garcia, H. Schubert, R. Schomäcker,
G. Wozny, J. Nat. Gas Chem. 2012, 21, 534 – 543.

[24] S. Jaso, Ph.D. Thesis, Technische Universität Berlin 2012.
[25] A. L. Y. Tonkovich, D. M. Jimenez, J. L. Zilka, G. L. Roberts,

J. L. Cox, Chem. Eng. Sci. 1996, 51, 3051 – 3056.
[26] A. Tota, D. Hlushkou, E. Tsotsas, A. Seidel-Morgenstern, in

Modeling of Process Intensification, Wiley-VCH, Weinheim 2007,
99 – 148, Ch. 5. DOI: 10.1002/9783527610600.ch5

[27] L. Olivier, S. Haag, C. Mirodatos, A. C. van Veen, Catal. Today
2009, 142, 34 – 41.

[28] S. Arndt, T. Otremba, U. Simon, M. Yildiz, H. Schubert,
R. Schomäcker, Appl. Catal., A 2012, 425 – 426, 53 – 61.

[29] H. R. Godini, A. Gili de Villasante, O. Görke, S. Arndt, U. Si-
mon, A. Thomas, R. Schomäcker, G. Wozny, Catal. Today
2014, 236, 12 – 22.

[30] H. R. Godini, H. Trivedi, A. Gili de Villasante, O. Görke,
S. Jašo, U. Simon, A. Berthold, W. Witt, G. Wozny, Chem. Eng.
Res. Des. 2013, 91, 2671 – 2681.

[31] H. R. Godini, A. Gili de Villasante, O. Görke, U. Simon,
K. Hou, G. Wozny, Energy Fuels 2014, 28, 877 – 890.

[32] H. R. Godini, S. Xiao, M. Kim, N. Holst, S. Jašo, O. Görke,
J. Steinbach, G. Wozny, J. Ind. Eng. Chem. 2014, 20, 1993 –
2002.

[33] U. Simon, O. Görke, A. Berthold, S. Arndt, R. Schomäcker,
H. Schubert, Chem. Eng. J. 2011, 168, 1352 – 1359.

[34] X. Fang, S. Li, J. Lin, J. Gu, J. D. Yan, J. Mol. Catal. (China)
1992, 8, 255 – 262.

[35] D. Wang, M. P. Rosynek, J. H. Lunsford, J. Catal. 1995, 155,
390 – 402.

[36] S. Ji, T. Xiao, S. Li, C. Xu, R. Hou, K. S. Coleman, M. L. H.
Green, Appl. Catal., A 2002, 225, 271 – 284.

[37] A. G. Dedov, G. D. Nipan, A. S. Loktev, A. A. Tyunyaev, V. A.
Ketsko, K. V. Parkhomenko, I. I. Moiseev, Appl. Catal., A 2011,
406, 1 – 12.

[38] J. Y. Lee, W. Jeon, J.-W. Choi, Y.-W. Suh, J.-M. Ha, D. J. Suh,
Y.-K. Park, Fuel 2013, 106, 851 – 857.

[39] M. R. Lee, M.-J. Park, W. Jeon, J.-W. Choi, Y.-W. Suh, D. J. Suh,
Fuel Process. Technol. 2012, 96, 175 – 182.

[40] I. Machin, P. Pereira, V. de Gouveia, F. Rosa, Prepr. Symp. –
Am. Chem. Soc. 1992, 37, 173 – 178.

[41] M. V. Ganduglia-Pirovano, C. Popa, J. Sauer, H. Abbott, A. Uhl,
M. Baron, D. Stacchiola, O. Bondarchuk, S. Shaikhutdinov,
H.-J. Freund, J. Am. Chem. Soc. 2010, 132, 2345 – 2349.

[42] B. Beck, M. Harth, N. G. Hamilton, C. Carrero, J. J. Uhlrich,
A. Trunschke, S. Shaikhutdinov, H. Schubert, H.-J. Freund,
R. Schlögl, J. Sauer, R. Schomäcker, J. Catal. 2012, 296, 120 –
131.

[43] J. S. Ahari, R. Ahmadi, H. Mikami, K. Inazu, S. Zarrinpashne,
S. Suzuki, K. Aika, Catal. Today 2009, 145, 45 – 54.

[44] B. Beck, V. Fleischer, S. Arndt, M. G. Hevia, A. Urakaw,
P. Hugo, R. Schomäker, Catal. Today 2014, 228, 212 – 218.

Chem. Ing. Tech. 2014, 86, No. 11, 1906–1915 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Research Article 1915
Chemie
Ingenieur
Technik



Paper 2 



Oxida
mech

Benjam
Atsush
a Technische
b Institute o

a  r  t  i  c

Article histo
Received 13
Received  in
14 Novemb
Accepted  2
Available on

Keywords:
Mn/Na2WO
Oxidative c
High  pressu
Temporal a
Maximum  y

1. Introd

Oxida
industria
for chem
hydrocar
raw mate
industry.
processes

For  th
been high
but little
nism at t
importan
[4–6]. Ho
industria

In  mos
rial, and 

in a way
reactor. O
pressures
but deta

∗ Corresp
E-mail  a

0920-5861/
http://dx.do
Catalysis Today 228 (2014) 212–218

Contents lists available at ScienceDirect

Catalysis Today

j o ur na l ho me page: www.elsev ier .com/ locate /ca t tod

tive  coupling  of  methane—A  complex  surface/gas  phase
anism  with  strong  impact  on  the  reaction  engineering

in  Becka,  Vinzenz  Fleischera,  Sebastian  Arndta,  Miguel  González  Heviab,
i Urakawab, Peter  Hugoa, Reinhard  Schomäckera,∗

 Universität Berlin, Institut für Chemie, Straße des 17. Juni 124, 10623 Berlin, Germany
f Chemical Research of Catalonia, Avgda. Països Catalans 16, 43007 Tarragona, Spain

 l e  i  n  f  o

ry:
 July 2013

 revised form
er 2013
3 November 2013

line 9 January 2014

a  b  s  t  r  a  c  t

The  oxidative  coupling  of methane  over  Mn/Na2WO4/SiO2 has  been  investigated  at  reaction  conditions
suitable  for  industrial  applications  up to 10  bar  in  a fixed  bed  reactor  as  well  as  by  temporal  analysis
of  products  (TAP)  by  admitting  pulses  of  methane,  ethane  and  ethene  oxygen  mixtures.  The  influence
of  pressure  on  selectivity  is  investigated  and  a concept  for  optimizing  it is derived.  A  maximum  yield
is  estimated  from  the  ratios  of  the  involved  main  reactions  of  the reaction  network  assuming  that  the
undesired  parallel  reactions  can  be  suppressed.
4/SiO2

oupling of methane
re

nalysis of products

©  2013  Elsevier  B.V.  All  rights  reserved.

ing i
eted 

]. Re
lmo

00 ◦C
ackin
ndus
ribut
less 

rs w
 incl
he  d
t the
tion

ve th
ition

parab
own
riety 
ield

uction

tive coupling of methane (OCM) to ethylene offers great
l potential, because it would broaden the feedstock basis
ical industry. Today crude oil derived olefins and aromatic
bons via steam cracking of naphtha are still the crucial
rials for the majority of value added chains in chemical

 The importance of alternative carbon sources for chemical
 becomes greater as oil price increases [1].
e development of an OCM process Mn/Na2WO4/SiO2 has
lighted as catalyst from the rich literature on OCM [2,3],

 is known about its structure and the reaction mecha-
his catalyst. Its reported stability and high yield were the
t motivations to select the catalyst for detailed studies
wever, the obtained yield still needs to be improved for
l application.
t reports the focus is mainly directed to the catalyst mate-

reactor setups and conditions are designed and selected
 that no reaction of methane is observed in an empty

miss
targ
[7–9
are a
of 8
or p
an i
cont
stain
facto
OCM

T
abou
tribu
deri
cond
inse
is kn
a va
ne has to mention that for industrial application high
 are necessary to make the process economically viable,

iled studies of empty reactors at higher pressures are

onding author. Tel.: +49 30 31424973.
ddress: schomaecker@tu-berlin.de (R. Schomäcker).

simplifie
ene is str
to carbon
catalyzed
pression 

can be at
temporal

$ – see front matter © 2013 Elsevier B.V. All rights reserved.
i.org/10.1016/j.cattod.2013.11.059
n literature. Furthermore, the consecutive reactions of the
C2 products has the strongest negative impact on the yield
activity data of ethane or ethylene at increased pressures
st not existent in the literature. At typical OCM  conditions

 virtually no material typically used for these reactors
g is absolutely chemically inert. For the development of
trial scale reactor one should expect that these factors
e even more to the reaction, due to use of materials like
steel. The purpose of this paper is to point out important
hich have to be considered for the reaction engineering of
uding the interaction of gas phase and surface reactions.
esign of an industrial scale reactor requires knowledge

 reaction kinetics. If a reaction network shares strong con-
s of gas phase and surface reactions, it is very difficult to
is knowledge from experimental series at typical reaction
s with the use of a fixed bed reactor only. This is due to
le kinetic data of gas phase and surface contribution. OCM

 to function in a very complex reaction network containing
of surface and gas phase reactions, which is depicted in a
d scheme in Fig. 1. Obviously, the yield of ethane and ethyl-
ongly dependent on the parallel and consecutive reactions

 oxides. Obtaining more information about the surface

 activation of methane, ethane and ethene requires sup-
of the gas phase activation of these components, which
tained at the very low pressure such as the condition of

 analysis of products (TAP) reactors.

dx.doi.org/10.1016/j.cattod.2013.11.059
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2013.11.059&domain=pdf
mailto:schomaecker@tu-berlin.de
dx.doi.org/10.1016/j.cattod.2013.11.059


B. Beck et al. / Catalysis Today 228 (2014) 212–218 213

Fig. 1. Simp

2. Exper

2.1. Cata

Mn/Na
bed proc
where [4
Na2WO4.
et al. [4].

2.2.  Fixed

OCM  w
and 4 mm
imize cat
operated
700 and 8
matograp
methaniz
tors.

The re
to 800 �m
mal zone
of quartz
in positio
5 vol% ox
500 N ml/
stant wit
lower oxy
of high ox

2.3.  Temp

TAP e
described
length an
alyst (2–
of quartz
200–300 

pretreate
performe
sizes larg
1017 mol
at small p
is genera

Two  ty
ing and se
i.e. meth
hydrocar
2/1/4. In 

ratio cann
adjusted 

. Oxy
at vari

gO  a 

 of M
1. Th
aging
on m
ant 

ese 

, we
de M

 lithi
bilit
rime

esul

Cata

 det
n by 

ed w
es o
table

 The fi
a sur
hanic

 Sigm

Press

he  re
n in

left),
tz gr
insid
ompo
rime

tor r
e of e
bar. O
h is 

e C2
lified reaction network of the oxidative coupling of methane at oxides.

imental

lyst synthesis

2WO4/SiO2 catalyst material was prepared by fluidized
essing of the constituent substances as described else-
]. The final catalyst contains 2 wt% Mn(II) and 5 wt%

 A detailed characterization was also performed by Simon

 bed reactor

as investigated in a stainless steel reactor (65 cm length
 i.d.) equipped with an inlay made of corundum to min-

alytic reactions at the reactor walls. This reactor can be
 up to 10 bars. The reaction temperature was between
00 ◦C. The product gases were analyzed with a gas chro-
h GC-2014 by Shimadzu, which was equipped with a
er and thermal conductivity and flame ionization detec-

actor was filled with a fixed bed of quartz granules of 400
 diameter up to height of 38 cm to end in the isother-

 of the reactor. On the top of the quartz bed, a small piece
 wool was placed to keep the 100 mg  Mn/Na2WO4/SiO2
n. The feeding mixture contained 95 vol% methane and
ygen with an overall gas flow rate between 50 to
min, in such a way that the residence time is kept con-
h varying pressure. The shift of the explosion region to
gen fractions with increasing pressure prohibits the usage
ygen fractions.

oral analysis of products

xperiments was conducted in a TAP-2 device, which is
 in detail elsewhere [10]. In a small reactor (71 mm
d 4.6 mm i.d.) made of quartz, fixed bed 50 mg  of cat-

3 mm thickness) was placed, sandwiched by two layers
 particles. Both catalyst and quartz particles were in the
�m range. Before the TAP measurements the catalyst was
d for 30 min  at 650 ◦C in oxygen flow. Measurements were
d at temperatures between 500 and 800 ◦C with pulse
e enough to be affected by intermolecular collisions (ca.
ecules per pulse) due to the absence of desired products
ulse sizes. Using the large pulse size, the mass transport

lly characterized as molecular diffusion regime.
pes of experiments were conducted: simultaneous puls-
quential pulsing of oxygen and the specific hydrocarbon;

ane, ethane or ethylene. The pulsed gas consisted of a

Fig. 2
time  

of M
case
1 to 

aver
carb
relev
of th
ison
besi
with
insta
expe

3. R

3.1.  

A
give
coat
phas
the s
ogy.
has 

mec
from

3.2. 

T
show
tor (
quar
tint 

C3 c
expe
reac
rang
at 8 

whic
of th
bon to oxygen to neon (internal standard) mixture of
the case of sequential pulsing the methane to oxygen
ot set accurately due the usage of two pulse valves and is

individually to obtain accurate TAP responses. In the case

conversio
contrast, 

idence tim
range of 
gen conversion with resulting product distribution at constant residence
ous pressures at 700 ◦C.

methane to oxygen ratio of roughly 6 to 1 is obtained. In the
n/Na2WO4/SiO2 the methane to oxygen ratio was  roughly
e response pulses of each component were calculated by

 ten pulses per investigated atom mass unit (amu). Since
onoxide, carbon dioxide, ethene and ethane share some

amus, it was necessary to use the fragmentation patterns
compounds for quantification. For the sake of compar-

 have also investigated magnesia by TAP as reference
n/Na2WO4/SiO2. It is well known that doping magnesia
um results in an enhanced catalytic performance, but the
y of this system prevents a closer investigation by TAP
nts.

ts and discussion

lyst characterization

ailed characterization of the used Mn/Na2WO4/SiO2 is
Simon et al. [4]. The catalyst support was  homogenously
ith Na/WO4 and Mn  precursors resulting in crystalline
f Mn2O3 and Na2WO4. The support is transformed into

 cristobalite phase with a macroporous surface morphol-
nal catalyst contains 2 wt% Mn(II) and 5 wt% Na2WO4 and

face area of 1.86 m2/g. The catalyst was  chemically and
ally stable during OCM. Magnesium oxide was  purchased
a-Aldrich (99.9%) and has a surface area of 78 m2/g.

ure experiments

sults of the OCM reaction at up to 10 bar and 700 ◦C are
 Fig. 2. Experiments were performed with an empty reac-

 a fix bed of quartz granules (middle) and a fixed bed of
anules with a layer of catalyst on top of it (right). The
e the columns specifies the yield to carbon oxides, C2 and
nents, respectively. The carbon balance for the pressure
nts did not deviate more than 0.5%. Strikingly the empty

esults in the highest conversion of oxygen over the full
xamined pressure, reaching almost complete conversion
nly a small increase in C2+ yield is observed above 5 bar,

caused by the increasing influence of the total oxidation
+ components. The sigmoid characteristic of the oxygen

n is typical for reactions with orders higher than one. In
the fixed bed of quartz granules results in a reduced res-

e that leads to the lowest conversion over the complete
pressure. The behavior seems to be almost the same as



214 B. Beck et al. / Catalysis Today 228 (2014) 212–218

Fig. 3. Influ

in the em
Mn/Na2W
oxygen c
increasin
sequence
to the rea

Fig. 3 s
gated pre
granules 

respectiv
in a stead
Its maxim
The C2 se
tions. Thi
conversio
selectivit
version im
selectivit

For de
well as th
sary to qu
in order t
a kinetic 

and 192 

tion and 

as the rea
investiga
exhibited
to conver
achieved
reactions
heteroge
this mode
with incr
granules 

Never
model de
tion cond
gas phase
the high c
nique wi
activation
rate dete
without t
factors m
the forma

ig. 4. 

Tem

ener
 resu
e int
g. 1,
e as r
ct C2
thes
0 ◦C

th m
e) fo
ier th
tratio
e tw
tivit

nesia
ate m
he po

 sequ
rmed
origi
cals i
hane
rbed oxygen [16]. They can be oxidized before desorption or by
dsorption at the catalyst or quartz surface; if not they combine
hane in the gas phase. The delayed peak maxima observed for
nesia compared to those of Mn/Na2WO4/SiO2 indicate more
ence of absolute pressure on C2+ selectivity at constant residence time.

pty reactor with a shift to higher pressures. Addition of
O4/SiO2 on top of the quartz fixed bed regains higher

onversions. The absence of a clear sigmoid behavior with
g pressure indicates a more surface controlled reaction
, with a much higher yield of C2+ components compared
ctor loaded only with quartz.
hows the corresponding selectivities to C2+ at the investi-
ssures. The empty reactor as well as the fixed bed of quartz
passes through a maximum selectivity to C2+ at 4 and 8 bar,
ely. In contrast, the addition of Mn/Na2WO4/SiO2 results
y increase of selectivity to C2+ with increasing pressure.
um is not reached in the investigated range of pressure.

lectivity in OCM is strongly affected by consecutive reac-
s results generally in a loss of selectivity with increasing
n due to total oxidation [11]. The observation of a higher

y in combination with a higher methane and oxygen con-
plies a clear benefit of higher pressure toward better C2

y.
tailed understanding of the homogeneous gas phase as
e heterogeneous surface catalyzed reactions, it is neces-
antify their contributions to the overall product mixture

o maximize the C2+ yield. Zanthoff and Baerns developed
model for the gas phase contribution including 33 species
elementary steps, which describes the product distribu-
conversion at the end of the reactor accurately as long
ctor temperature is higher than 600 ◦C [12,13]. A recent

tion of the spatial compositional profile along a reactor has
 discrepancies with the simulated profiles with respect
sion and composition [13]. Better consistency could be

 by extension of the gas phase model to more species and
. Marin et al. [14] coupled a gas phase reaction model to a
neous catalysis one. However, the gas phase part alone of
l does not explain the observed increase in C2+ selectivity
easing pressure at low oxygen conversions with quartz
packing (Figs. 2 and 3) [15].
theless, it is necessary to couple the gas phase model to a
scribing heterogeneous surface reactions. At typical reac-
itions their kinetic data are obviously compromised by

 contributions. This unusual approach is necessary due to
omplexity of OCM. Therefore we employed the TAP tech-

th the aim to directly obtain kinetic data of the CH bond
 reaction based on the assumption of the reaction as the

rmining step. Gaining the surface reactivity of C and C

F

3.3. 

G
sizes
phas
in Fi
phas
dete
hypo
at 70
zero
puls
nois
illus
of th
selec
mag
devi

T
tion
is fo
The 

radi
met
adso
re-a
to et
mag
1 2
he influence of gas phase reactions is expected to reveal
aximizing the yield of desired products while minimizing
tion of the undesired COx by-products. Fig. 5
TAP response of CH4/O2/Ne (=4/1/2) pulse over magnesia at 700 ◦C.

poral analysis of products

ally TAP measurements are performed with small pulse
lting in gas transport by Knudsen diffusion, in which gas
ermolecular collisions are negligible [16–19]. As depicted

 the recombination of methyl radicals takes place in gas
eported by many authors [20–24]. The fact that we did not
products in the Knudsen diffusion regime supports this

is. Figs. 4 and 5 show the time resolved pulse responses
 and Table 1 provides the quantitative evaluation by the
oment of the pulse response (i.e. integrated area of the
r both catalysts. The product responses except CO2 are
an the reactant responses and were smoothened for better
n in Figs. 4 and 5. The major differences in the reactivity

o  materials are the lower methane conversion and higher
y to ethane of Mn/Na2WO4/SiO2 compared to those of
. The carbon balance for the TAP measurements did not
ore than 3%.
sitions of the peak maxima give evidence about the reac-
ence. In Fig. 4 one can clearly see that carbon monoxide

 in parallel to the formation of ethane from methane.
n of CO formation via a consecutive oxidation of methyl
s reasonable (Fig. 1). Methyl radicals are produced from

 at the catalyst surface by direct interaction with surface
. TAP response of CH4/O2/Ne 4/1/2 at Mn/Na2WO4/SiO2 at 700 ◦C.



B. Beck et al. / Catalysis Today 228 (2014) 212–218 215

nd the

stable su
tive oxida
for the in
the respo
that it is 

simply ca
Analogou
ene as fe
pulsing m
oxygen in
phase act
ingly, the
Pulse exp
which ca
reduced u

urthe
e th
lsed

0.5 a
A. Th
pt de
ump
en s

 time
y of t
s iden
ntra

Table 1
Reactivity d

Catalyst 

Mn/Na2W
MgO  
Fig. 6. TAP responses of sequential pulsing of first oxygen a

rface intermediates over magnesia, easing the consecu-
tion of methyl radicals, which could be the major reason
ferior selectivity to C2 products (Table 1). For magnesia
nse time of carbon dioxide is strongly delayed, indicating
produced by species strongly adsorbed onto magnesia or
rbon dioxide interacts strongly with the catalyst surface.
s behavior can be observed when using ethane or ethyl-

ed gas (not shown). No conversion could be observed by
ixtures of hydrocarbon (methane, ethane or ethene) and

 a reactor only filled with quartz particles. Therefore a gas
ivation of these components can be excluded. Interest-

 oxygen balance cannot be closed for Mn/Na2WO4/SiO2.

F
tigat
is pu
0.0, 

Fig. 6
abru
cons
oxyg
with
dela
ide i
In co
eriments with pure oxygen result in a loss of oxygen,
n be explained by the oxidation of the material partially
nder the TAP vacuum conditions.

by delaye
second s
for the m

ata of the two catalysts determined from TAP data at 700 ◦C.

Conversion CH4 (%) S CO (%) 

O4/SiO2 ∼2 3.6 

16.0 83.4 
n methane with a delay �t at 800 ◦C.

rmore,  sequential pulse experiments were used to inves-
e reactivity of adsorbed oxygen at 800 ◦C. First oxygen

 and next a pulse of methane is given with an offset of
nd 1 s. The oxygen response for magnesia is presented in
e response of the oxygen pulse has a similar shape with an
cay shortly after the pulse of methane. This rapid oxygen
tion is attributed to weakly adsorbed but highly reactive
pecies. Due to decreasing concentration of these species
, a decrease of the reaction products with increasing the

he methane pulse is expected to be observed. Carbon diox-
tified as product showing the expected behavior (Fig. 6B).

st, in Fig. 6C the pulse intensity of ethane is not decreasing

d methane pulses. This indicates that the presence of a

pecies of more strongly adsorbed oxygen is responsible
ethyl radical formation. It should be mentioned that no

S CO2 (%) S C2H6 (%) S C2H4 (%)

1.4 95 0
14.6 2 0
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Table  2
Integrated MS responses of the components presented in Fig. 6.
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equilibrium constant of 1.01E + 06. Therefore, OCM is
othermic and not thermodynamically limited in practice.
capacity of the gas mixture was  calculated with Eq. (1).

4 Cp,CH4 + x0,O2 Cp,O2 (1)
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81 J/(mol K). The adiabatic temperature increase is 507 K
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bustion products and is calculated with Eq. (2).
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In this work a series of temperature programmed experiments were carried out on a Na2WO4/Mn/SiO2

catalyst. In TPR experiments we tested the reducibility of this catalyst and O2 desorption behavior was
investigated by TPD. TPSR experiments in a flow of methane, ethane or ethene gave information about
the reaction network of OCM on the catalyst surface, without the presence of gas phase reactions, induced
by gas phase oxygen. We found indications of involvement of two different active oxygen species on the
catalyst surface. Furthermore an activation energy of 275 kJ/mole for selective methane activation was
determined. Dynamic experiments were performed to determine the amount of available oxygen species
for the OCM reaction. Variation of methane partial pressure and flow rate showed a linear correlation
between methane partial pressure and surface oxygen conversion in dynamic experiments.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

A well-established process for ethylene production is the steam
cracking process, which cracks naphtha to olefins and other hydro-
carbons. Shortage of crude oil reserves has attracted attention
toward alternative processes, which use more available feedstocks.
The high availability of methane in natural gas makes it a suitable
feedstock alternative for short-chain olefins [1,2]. The oxidative
coupling of methane (OCM) is a promising reaction for ethylene
production. One of the most stable catalysts described for OCM
in the literature is Na2WO4/Mn/SiO2, which has good performance
and stability as shown in several publications [3–5].

One of the major challenges in experimental studies of OCM is
the parallel reaction network of gas phase and surface reactions,
which have a strong influence on each other. For gas phase reac-
tions, Dooley and coworkers published an extended micro kinetic
model [6]. This micro kinetic model considers a network of 1582
reactions and 269 species, which are mainly radical reactions.
Unfortunately this complex reaction network allows only simula-
tion of ideal reactors, because of the large set of reactions.
However, the gas phase network is well described by the Dooley
model, which was shown by Schwarz and Coworkers [7]. Formal
kinetic models of OCM were published by several groups for
different catalysts [8–16]. All of these proposed mechanisms show
similar pathways for reactants and products. All groupswho carried
out these experiments with extensive experimental efforts, were
using similar reactors operated in the classical steady state mode.

The surface reaction network, which is not fully explored, is
strongly influenced by gas phase reactions, and its kinetic param-
eters offer several constellations to fit experimental results. Such
complexity is caused by the mentioned involvement of various
radical species which are formed via gas phase reactions or during
reactions on the catalyst surface [17–20]. In addition for several
OCM catalysts different oxygen intermediates contribute to selec-
tive and unselective activation of methane on the catalyst surface.
The presence of these different species is also influenced by gas
phase oxygen [21–23].

A micro kinetic surface reaction model for the surface reactions
was published by Lee and Coworkers for the Na2WO4/Mn/SiO2 cat-
alyst [24]. Another one is the model published by Sun and Thybaut
for a MgO catalyst [25]. Both models were developed for different
catalysts but have similar elementary surface reaction steps which
are shown in Table 1. Their models assume dissociative adsorption
of oxygen on a free site of the catalyst (⁄), which is in equilibrium
with gas phase oxygen. Methane activation occurs by a surface
reaction with dissociated oxygen (O⁄) and releases methyl radicals
to the gas phase. The coupling reaction of the radicals happens in
gas phase close to the catalyst surface where excess heat is
released, which is not shown in Table 1. The same activation

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2016.06.014&domain=pdf
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Table 1
Comparison of micro-kinetic surface reaction models from Lee et al. and Sun et al. (x, y, z = stoichiometric factors) [24–26].

Lee et al. [24] Sun et al. [25] Beck et al. [26]

O2 þ 2� ¢2O� O2 þ 2� ¢2O� O2 þ �¢O2;ads

O2;ads ¢ yO�
x

CH4 þ O� ¢CH�
3 þ OH� CH4 þ O� ¢CH�

3 þ OH� CH4 þ O� ¢CH�
3 þ OH�

C2H4 þ O�C2H
�
3 þ OH� C2H4 þ O� ¢C2H

�
3 þ OH� C2H4 þ O� ¢C2H

�
3 þ OH�

C2H6 þ O� ¢C2H
�
5 þ OH� C2H6 þ O� ¢C2H

�
5 þ OH� C2H6 þ O� ¢C2H

�
5 þ OH�

2OH� ¢H2O
� þ O� 2OH� ¢H2O

� þ O�

CH�
3 þ 3O� ¢HCO�� þ 2OH� CH�

3 þ O� ¢CH3O
��

CH3O
�� þ O� ¢CH2O

� þ OH�

CH2O
� þ O� ¢HCO�� þ OH�

HCO�� þ O� ¢CO� þ OH� HCO�� þ O� ¢CO� þ OH�

CO� þ O� ¢CO�
2 þ � CO� þ O� ¢CO�

2 þ �
COþ� ¢CO�

CO2 þ �¢CO�
2

2OH� ¢H2Oþ O� þ � 4HO�
2 ! 3O2 þ 2H2

xO2;ads þ CH4 ¢COy þ zH2O
�

xO2;ads þ C2H6 ¢2COy þ zH2O
�

xO2;ads þ C2H4 ¢2COy þ zH2O
�
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may also happen to the formed ethane and even ethene, which
leads to the formation of C2H5

� or C2H3
� radicals. An interesting fact

is that no ethene combustion on the catalyst surface is considered
in both literature models. A typical formation route for deep oxida-
tion products is the reaction of methyl radicals and surface bound
oxygen which forms a HCO�⁄ radical which is bound on the catalyst
surface, which is further oxidized to CO⁄ and surface bound OH
groups (OH⁄) in a parallel route to the coupling reaction. The origin
of CO2 on the catalyst surface (CO2

⁄) is the oxidation of CO⁄ by O⁄. A
new aspect of the catalyst surface reaction network was published
by Beck at al. for the Na2WO4/Mn/SiO2 as well as for MgO. In tem-
poral analysis of products (TAP) experiments, they could show the
presence of two different oxygen species, which exist in parallel on
the catalyst surface. Furthermore they could show that both spe-
cies have different reaction pathways [26]. One of them is weakly
bound (O2,ads) and opens the route to deep oxidation products. The
other, stronger bound oxygen species (Ox

⁄) is responsible for the
selective methane activation. Following these results a plausible
surface reaction network is also presented in Table 1.

In addition, there is also a discussion about the formal kinetic
mechanistic aspects of oxygen and methane activation described
by an Eley-Rideal, Mars-van-Krevelen or dual site Langmuir Hin-
shelwood mechanism [12,27,28]. On the one hand, in the
Eley-Rideal mechanism gas phase oxygen is required for selective
activate methane in the OCM process. On the other hand, in a
Mars-van-Krevelen type mechanism lattice oxygen is involved
during CAH bond cleavage of methane to form a methyl radical.
A possible interaction of lattice oxygen with methane offers the
opportunity to avoid the presence of gas phase oxygen in temper-
ature programmed experiments and dynamic experiments. During
these unsteady state experiments the catalyst oxidation and the
methane coupling reaction can be separated into two different
steps. One of the first overviews about these techniques and exper-
imental results from several groups was published by Falconer and
Schwarz [29]. Another review about these techniques was pre-
sented by Niemantsverdriet [30].

One important factor in temperature programmed reduction
experiments is the bond dissociation energy of the reactants. For
methane (439 kJ/mole) and hydrogen (436 kJ/mole) these energies
are similar, and for ethane (423 kJ/mole) it is lower than those of
hydrogen and ethene (464 kJ/mole), which has the highest bond
dissociation energy in this group of compounds [31]. Therefore it
is possible to reduce the catalyst in the same manner as in a
H2-temperature programmed reduction (TPR) experiments using
OCM reactants to study their pathways in the reaction network
in absence of gas phase oxygen. These types of experiments were
introduced as temperature programmed surface reactions (TPSR)
by McCarty and Wise some decades ago [32]. Heating rate varia-
tions in TPSR experiments allow the determination of the activa-
tion energy of desorption or surface reaction steps. This is known
as the Redhead method [33]. In this work we want to study the
OCM surface mediated reaction network in absence of gas phase
oxygen, to understand the role of surface bound oxygen on the
Na2WO4/Mn/SiO2 catalyst material. Temperature programmed
reaction experiments utilizing methane, ethane and ethene as
reactant give qualitative insights to their interaction with the sur-
face bound oxygen species. In addition we performed a series of
kinetic TPSR studies for the selective activation of methane. The
focus of further dynamic experiments at constant temperature is
to quantify the converted amount of strongly surface bound oxy-
gen, the stability of the oxygen intermediates on the catalyst sur-
face and the nature of active sites for that material.
2. Experimental

2.1. Catalyst preparation

The details of the preparation and the characterization of the
catalyst are described elsewhere [34]. The final catalyst contains
5 wt.% Na2WO4, 2 wt.% Mn(II) ions and has a specific surface area
of 1.86 m2/g. The catalyst material was analyzed by nitrogen
adsorption and X-ray diffraction analysis after oxidation pretreat-
ment and after dynamic experiments. The results are presented
and discussed in the supporting information.
2.2. Experimental setup and mass spectrometer

All experiments were carried out in a fixed bed reactor made of
quartz. The catalyst was placed on a quartz frit (200 lm pore size)
in the isothermal zone. The isothermal zone is above the frit and
has a length of 5 cm. A scheme of the reactor, a construction plan
of the setup and analysis of temperature profile aspects are shown
in the supporting information. The inner diameter is 9 mm. The
type K thermocouple (NiCrNi) is covered by a quartz-made capil-
lary (din = 4 mm), which seals the reactor on top. The reactants
come through the upper inlet. The bottom part of the reactor
shrinks in diameter and is connected to a mass spectrometer or
thermal conductivity detector. The feed composition was con-
trolled by mass flow controllers (MFC) and switching valves were
installed, enabling the ability to interrupt reactant flow immedi-
ately. Detection was carried out with a quadrupole mass spectrom-



Table 2
Calibrated masses for compound detection in dynamic experiments.

Molecule m/e

CO2 44
CO 28
He 4
H2 2
H2O 18; 17
CH4 16; 15
C2H6 30; 29; 28
C2H4 28;27;26
O2 32
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eter (QMS, IPI GAM 200) with channeltron detector. The QMS was
equipped with yttriated filaments. For O2 detection in temperature
programmed desorption experiments m/e = 32 was chosen and
data points were recorded each 5 s. The m/e values for OCM com-
pound calibration are listed in Table 2. Each compound was cali-
brated by utilization of a calibration gas bottle filled with
5 ± 0.005 vol.% of one compound and the rest was filled with
Helium. The calibration ofm/e = 28 for ethane and ethene was nec-
essary to prevent false-signals for CO or other compounds. As indi-
cator for ethane the m/e = 30 and for ethylene m/e = 27 were
chosen, while the other listed masses were calibrated by their
specific, relative intensities for these molecules. Therefore the feed
compositions of these compounds were determined by three cali-
bration factors for ethane and ethene to enhance detection
accuracy.

The final mole fraction (xi) of each compound was calculated
according to Eq. (1):

xcompoundðx . . . zÞ ¼
Sm

e
ði . . . jÞ
ci

ð1Þ

Sm
e
ðiÞ – relative intensity matrix of compound i, cðiÞ –calibration

factor matrix for compound i.
The relative intensity was derived by
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Sm/e,i – Sensitivity for a specific m/e ratio;

ScompoundX Sm
e ;i

� �
– Signal of compound x on m/e, i;

xcompoundx – molefraction of compound x.

2.3. Temperature programmed reduction (TPR)

The fresh catalyst (60 mg) was placed in the reactor, which was
heated up under synthetic air (N2:O2 – 4:1, 99.9%, 30 sccm/min)
with a temperature-ramp of 10 K/min to 1023 K, keeping this tem-
perature for an hour and cooling down over night under constant
air flow. To remove gas phase and adsorbed oxygen, a constant
flow of nitrogen (30 sccm/min) purged through the reactor at room
temperature for 30 min. The catalyst reduction was carried out by
a feed stream of N2:H2 (9:1, 60 sccm/min) with a heating rate of
2 K/min, heating up until 1093 K. The analysis of the effluent gas
was done with a thermal conductivity detector (Messkonzept,
FTD 200) monitoring the stream composition each 0.5 s.

2.4. Temperature programmed desorption (O2-TPD)

For temperature programmed desorption of oxygen, 1 g of fresh
catalyst was used. The catalyst was heated up in a flow of He
(99.999%, 20 sccm/min), with a temperature ramp of 5 K/min to
1093 K. In a second experiment 1 g of fresh catalyst was oxidized
according to the method as mentioned in the TPR experiment.
After the oxidation, the catalyst was treated as in the first O2-
TPD experiment. The detection was carried by mass spectrometer,
which was described before.
2.5. Temperature programmed surface reaction (TPSR)

Each TPSR experiment was carried out with 1 g Na2WO4/Mn/
SiO2 fresh catalyst. The catalyst oxidation in all experiments was
the same procedure as described in the TPR experiment. To remove
gas phase and adsorbed oxygen, the catalyst was purged for 30 min
by a constant flow of He (99.999%, 30 sccm/min) at room temper-
ature. For methane-TPSR, a flow of 30 sccm/min methane (99.99%)
was chosen. Ethane and ethylene-TPSR were carried out in a flow
of He:C2HX (95:5, 30 sccm/min, 99.98% C2HX). All TPSR experi-
ments had an initial temperature of 298 K and the catalyst material
was heated up under the reactant feed with a temperature ramp of
1 K/min with a final temperature of 1073 K. Each TPSR experiment
was repeated by variation of the temperature with 3, 4 (only for
methane) and 5 K/min. For product detection a QMS was used, as
described above.
2.6. Dynamic experiments

The reactor, filled with 1 g fresh catalyst, was heated up to
1023 K under a constant flow of He:O2 (9:1, 30 sccm/min). The
final temperature was kept constant during the whole experiment.
After 10 min at constant reaction temperature, the oxygen flow
was stopped by deactivation of the mass flow controller (MFC)
and closing the switching valve. A flow of Helium (20 sccm/min)
was used as purging step to remove gas phase and weakly
adsorbed oxygen for 5 min at constant temperature. Helium feed
was immediately replaced by CH4 (20 sccm/min) for the reaction
mode, keeping the temperature constant. That was done by closing
and opening of the switching valves, simultaneously. The methane
flow reached the reactor after pressure fluctuation had already
been compensated for in the feed tube. In the first series of
dynamic experiments the purge time was varied from 10,
180 min to 300 min without using new catalyst material for each
run. The methane step time was 10 min. After these experiments
the catalyst material was not reoxidized and cooled down in a
stream of He (30 sccm/min). The catalyst materials were analyzed
by nitrogen adsorption (BET) and XRD. This was followed by a ser-
ies of experiments reducing the purge time interval from 5 min
down to 15 s, using fresh catalyst material again. During these
set of experiments, the methane flow rate was 30 sccm/min and
the methane time step was 10 min.

In addition, we also varied the methane partial pressure during
the reaction sequence in another experimental series with fresh
catalyst material. That was realized by a lower flow rate of purge
gas down to 10 sccm/min or 15 sccm/min, while methane flow rate
was set in parallel to 20 sccm/min or 15 sccm/min. In total a feed of
30 sccm/min reached the reactor. Here the reaction step for
methane was set to 5 min.
2.7. Steady state experiment

The reactor was filled with 1 g fresh catalyst and heated up to
1023 K under He:O2 (8:2, 30 sccm/min). The feed was changed to
CH4:O2 (95:5, 180 sccm/min) for 1 h, reaching the steady state con-
ditions. The analyses of products were carried out with a QMS.
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3. Results and discussion

3.1. TPR

The result of the H2-TPR experiment is presented in Fig. 1. The
oxidized catalyst showed one reduction pattern at 950 K. Further-
more the reduction curve shows early reduction by a slight
decrease of the H2 signal with respect to the baseline. This is also
observed in the work of Shahri et al. [35]. They proposed that the
early reduction is related to manganese oxide.

Peak integration was carried out and the amount of converted
hydrogen was calculated according to Eq. (3). For the integration
an adapted baseline was set to the corresponding hydrogen signals
before and after the reduction pattern. The hydrogen consumption
is equivalent to 17 O-atoms/nm2, which is an astonishing high
value. Typically expected monolayer coverages of transition metal
oxides on various support materials are between 0.1 and 10 atoms/
nm2 [36]. It was found that various manganese oxide species and
supported manganese oxides on silica can be reduced to MnO
under hydrogen atmosphere [37,38]. Furthermore it was shown
in EPR experiments that only manganese ions are reduced at
1073 K in the Na2WO4/Mn/SiO2 catalyst, while tungsten ions had
a constant valency of +VI [39]. In addition, the active phase of this
material has a very flexible structure [40]. Therefore it is possible
that also sublayers are involved in the reduction reaction during
TPR experiments, considering the small specific surface area of that
catalyst.
Fig. 1. H2 TPR of oxidized Na2WO4/Mn/SiO2 catalysts. 60 mg catalyst, N2:H2 (9:1,
60 sccm/min), 2 K/min.

Fig. 2. O2 TPD of different pretreated Na2WO4/Mn/SiO2 catalysts. 1 g catalyst, He
(99.999%, 20 sccm/min), 2 K/min.
nH2 ¼
AH2 ;peak½% s� � _V m3

s

h i
� p½Pa�

R J
mol K

� � � T½K� ð3Þ
3.2. O2-TPD

Experimental results of O2-TPD experiments are depicted in
Fig. 2. The ‘‘as calcined” catalyst, without further oxidation treat-
ment, shows an O2 peak at 550 K. For the oxidized catalyst such
peak is missing. Radhakrishnan et al. reported such early desorp-
tion patterns for different supported MnxOy catalysts [41]. Further-
more this phenomenon is also observed for bulk manganese oxides
[42]. This may explain also the early reduction of the catalyst,
observed in TPR experiments. However, in both cases stronger O2

desorption starts at 1000 K. TPD experiments for that catalyst
material have already been published by different groups. In the
review article by Arndt et al. it is mentioned, that O2-TPD experi-
ments published by Fang et al. show no oxygen loss of the catalyst
[43,44]. This is in clear contradiction to the report by Liu et al. [45].
They observed two oxygen signals at 1070 K and 1150 K, which
were interpreted as surface layer oxygen and bulk oxygen. Espe-
cially the desorption peak at high temperatures in our experiments
is in good agreement with their results.
3.3. TPSR

The results of the TPSR experiments are shown in Fig. 3. Differ-
ent symbols represent different compounds. Symbols do not repre-
sent data points, which are too many, to show due to the fast
detection rate. They represent an interpolation of the recorded
data. The results of methane feed TPSR experiments are shown in
Fig. 3A–C, with increasing temperature ramps.

Only CO and ethane formation is observed in this set of exper-
iments. In each case first ethane is formed and followed by detec-
tion of CO. Both peaks shift at higher heating rates to higher
temperatures. The ethane formation shifts slightly and forms no
clear peaks at heating rates above 4 K/min. Such spectra can be
interpreted in different ways. The most important step for the for-
mation of ethane is the selective activation of methane by C–H
bond cleavage. These radicals combine and form an ethane mole-
cule. Na2WO4/Mn/SiO2 catalyst material was verified by Jiang
et al. [46] According to the results of Lee et al. these radicals are
also converted by surface bound oxygen into deep oxidation prod-
ucts [47]. On the other hand methane or ethane can be activated by
another surface side, which leads also to the formation of deep oxi-
dation products. We assume a short lifetime for the methyl radicals
and therefore an immediate coupling or adsorption process on the
catalyst surface. As mentioned before, in our TPSR experiments CO
is formed much later and therefore the coupling process seems to
be preferred. Furthermore the CO formation has to be observed
parallel to ethane formation, when the oxidation of ethane is the
origin of CO formation. Thus, the unselective activation of methane
by another oxygen species on the catalyst surface is responsible for
the formation of CO.

To analyze that situation in more detail, a series of simulations
with the discussed reaction mechanisms in TPSR experiments were
carried out and are presented in the supporting information. Our
simulation results confirm that two active oxygen species on the
catalyst surface in absence of gas phase oxygen contribute to
OCM activity. Therefore not only gas phase and oxygen adsorption
intermediates contribute to unselective methane activation. The
nature of these species could be electrophilic and nucleophilic.
On the one hand electrophilic oxygen is responsible for selective
methane activation, which forms methyl radicals. On the other
hand the nucleophilic species contributes to deep oxidation



Fig. 3. TPSR product formation peaks of methane, ethane and ethene TPSR experiments at heating rates from 1 to 5 K/min, 1 g Na2WO4/Mn/SiO2, A–C: methane TPSR, D–F:
ethane TPSR (He:C2H6, 95:5), G–I: ethene TPSR (He: C2H4, 95:5), 1 g Na2WO4/Mn/SiO2, 30 sccm/min.
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product formation. In the literature similar TPSR experiments were
carried out with SrxTiyMgO, confirming our results [48]. The peak
shift at different heating rates in TPSR experiments correlates with
the slowest reaction in the reaction network. For OCM, this is
assumed to be the methane activation reaction [49,50]. That effect
is used in the next section to calculate the activation energy of
selective methane activation.

It has to be noted that the variations in the peak areas in these
experiments are caused in two different ways. On the one hand
slow heating rates result in a longer reaction time for oxygen con-
sumption for each temperature during the experiment. Therefore
low amounts of methane can be converted already at lower tem-
peratures. Thus, the peak amplitude is different for slow heating
rates, because less oxygen is available on the catalyst surface at
that time step. In addition, fast heating rates shift the methane
activation by oxygen to higher temperatures and therefore the
reaction rate is much higher, because of higher temperature and
more oxygen which was not converted so far. On the other hand,
as shown in the last section, oxygen can desorb during the exper-
iment. Therefore it is also possible that oxygen is released in gas
phase, while methane adsorbs on the catalyst surface.

In the same manner as methane TPSR experiments, a series of
TPSR experiments for ethane are shown in Fig. 3D–F. We observe
ethane conversion to ethene starting at 890 K in all experiments.
At 1050 K most of the ethane in the feed has been converted to
ethene but conversion does not change further. The initial temper-
ature of ethane consumption is higher than for methane activation
in TPSR experiments. According to the different C–H bond
strengths of methane and ethane, a lower activation temperature
would be expected. However our TPSR experiments indicate a dif-
ferent activation mechanism for this molecule, which is not
effected by C–H bond cleavage on the catalyst surface, which will



Table 3
Calculated free energy for oxidation and coking reactions from ethane and ethene at
1073 K.

No. Reaction DG (kJ/mole)

A C2H6 + ½ O2 ? C2H4 + H2O �187.4
B C2H6 ? C2H4 + H2 6.9
C C2H6 ? 2 C + 3 H2 32.0
D C2H6 + H2 ? 2 CH4 �79.0
E C2H4 ? 2 C + 2 H2 �107.4
F C2H4 ? C + CH4 �118.9

96 V. Fleischer et al. / Journal of Catalysis 341 (2016) 91–103
be discussed later. Furthermore, the formation of CO2 and CH4 can
be observed at 950 K. These products indicate deep oxidation reac-
tion steps as well as cracking reactions. Some carbon deposition as
consecutive reaction product is also observed during reactor
purging.

In TPSR experiments utilizing ethene as reactant only CO2 and
CH4 formation at 920 K can be observed. That is in good agreement
with our results of ethane TPSR experiments. CH4 is a typical crack-
ing product, which is formed from ethene during coke formation
on the catalyst surface [51,52]. Carbon deposition was verified by
oxidation of the catalyst subsequent to the TPSR experiment. Inter-
estingly the formation of CO2 and CH4 starts in these experimental
sets at the same temperature, which indicates a fast consecutive
reaction from ethene to carbon deposition followed by CO2 forma-
tion. Another possible explanation is a parallel reaction of ethene
to cracking products and to carbon dioxide. The formation of deep
oxidation and cracking products from ethene in absence of gas
phase oxygen and the adsorption intermediate confirms our
hypothesis that two active oxygen species seem to be responsible
for ethene activation. On the one hand electrophilic oxygen can
interact with the double bond of ethene, which could form ethy-
lene oxygenates. These intermediates are further oxidized to deep
oxidation products. On the other hand nucleophilic oxygen can
activate ethene by C–H bond cleavage, which results into the for-
mation of deep oxidation and cracking products. Such effect is
well-known for ethylene oxide synthesis and for OCM on silver
catalysts [53,54].

In Fig. 4A the product formation from ethane TPSR is presented
in more detail for further discussion, than in Fig. 3. At 890 K small
amounts of ethene can be observed, while water and hydrogen for-
mation starts at the same temperature. At 950 K the amount of
water decreases, while the amount of hydrogen still increases. As
mentioned before, with increase of ethane conversion, CO2 and
methane signals can be observed. For monitoring the water forma-
tion in a consecutive reaction, the detailed product signals for
ethene TPSR are shown in Fig. 4B. We observe at 920 K small
amounts of water and CO2 formation. At 1050 K the water amount
decreases to the baseline level, while the CO2 signal stays constant
and methane formation can be observed. We observe also hydro-
gen formation at this temperature and much stronger ethene
decomposition. Both product spectra show that the oxygen rich
surface provides enough potential for oxidative dehydrogenation
reaction steps, indicated by water formation. When that surface
oxygen species is consumed, the reaction pathway changes to ther-
mal decomposition reactions. For ethane TPSR experiments it is not
Fig. 4. Detailed ethane and ethene TPSR spectra, A: Ethane, B: Ethene,
clear whether thermal and oxidative dehydrogenation follows con-
secutive or parallel reaction routes.

To analyze this situation we calculated the free reaction energy
for different coking and oxidation reactions at 1073 K by Eq. (4).
The thermodynamic data for each compound was presented by
McBride et al. [55]. The results are shown in Table 3.
DGR ¼
X
i

mi � DHf ;i � T �
X
i

mi � DSf ;i ð4Þ

The oxidative dehydrogenation (ODH) is preferred compared to
the thermal dehydrogenation (TDH) (Table 3, reaction A and B).
Our ethane TPSR experiments in an empty reactor show thermal
dehydrogenation in the same temperature range. According to that
result we conclude that this phenomenon is a parallel route in the
gas phase. The coupling process of twomethyl radicals in gas phase
at that temperature has a free energy of �328 kJ/mole. Thus, the
energy must be transferred from the ethane intermediate for stabi-
lization. Typically, that could be done by a collision with another
molecule or the splitting of ethane into new molecules as ethene
and hydrogen [6]. Decomposition of ethane to coke and hydrogen
is not favored, but the backward reaction to methane by reduction
may happen in the gas phase (Table 3, reaction C and D). The split-
ting reaction of ethane to methane hydrogen is necessary. As main
hydrogen source the TDH of ethane may be responsible. Finally the
ODH reaction of ethane is thermodynamically preferred but lim-
ited to the amount of stored oxygen on the catalyst surface. For
TDH no adsorption of ethane on the catalyst surface is required.

The ethene decomposition to carbon and methane is slightly
preferred, compared to the route of carbon and hydrogen forma-
tion only (Table 3, reaction E and F). The formation route of carbon
dioxide cannot be resolved exactly, because the TPSR method is not
sensitive enough for this reaction and the thermodynamic data for
the Na2WO4/Mn/SiO2 catalyst are unknown. Isotopic labeling
3 K/min, 1 g Na2WO4/Mn/SiO2, 30 sccm/min flow (He:C2HX, 95:5).



Fig. 5. A: Classical OCM reaction mechanism, including gas and surface reaction
steps [8,9], B: OCM reaction network according to Table 1, C: Proposed reaction
route for OCM surface reaction based on TPSR experiments for Na2WO4/Mn/SiO2

catalyst.

Table 4
Ethane peak temperatures from methane TPSR experiments with heating rates from 1
to 4 K/min fitted by an empirical Gaussian function, 1 g Na2WO4/Mn/SiO2, 30 sccm/
min methane.

Heating rate b (K/min) Temperature of ethane peak amplitude TA (K)

1 964 ± 3
2 983 ± 1
3 985 ± 1
4 1003 ± 1
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experiments with 13C in cofeed for that catalyst material are
required to understand the origin of deep oxidation products.

To compare our findings, a well-established reaction network
for the OCM is shown in Fig. 5A. It must be considered that the
reaction network combines oxygen induced gas phase reactions,
further gas phase activity by water and oxygen containing prod-
ucts, gas phase interactions of short lifetime intermediates as rad-
icals and surface reactions in each step. Methane undergoes a
parallel reaction to ethane or the deep oxidation product CO. The
first route leads to ethene which can be converted to CO2, which
is in equilibriumwith CO [56]. There are somemodifications of this
model, which were used for formal kinetic fitting procedures for
the Na2WO4/Mn/SiO2 catalyst [8,9].

The micro kinetic model from the introduction part is presented
in Fig. 5B for further comparison. Interpretation of the TPSR results
leads to a similar reaction model which is presented in Fig. 5C. The
methane activation on the catalyst surface is followed by coupling
process or by methyl radical absorption and the formation of oxy-
genates. In contrast, our TPSR results indicate that methane activa-
tion is performed by two different surface oxygen species. Similar
to the results of Sun et al. the ethane molecule is activated by oxy-
gen on the catalyst surface or in gas phase by different radical spe-
cies, which is common for the TDH reaction. The absence of gas
phase oxygen leads to hydrogen production instead of water for-
mation. Similar findings in these models show that the TDH is a
serious parallel reaction route in the oxidative coupling of
methane. Such information is typically not obtainable in co-
feeded studies [57]. Furthermore this route reveals the complexity
of different gas phase contributions to OCM, considering that the
TDH is also a radical chain mechanism, as the selective methane
activation on the catalyst surface is. Both reactions are initialized
by methyl radical formation [50,58]. The mechanism of ethane
activation on the catalyst surface by TPSR experiments cannot be
revealed. In contradiction to the literature model, which requires
gas phase oxygen for the formation of deep oxidation products
by ethene oxidation, the TPSR results for the Na2WO4/Mn/SiO2 cat-
alyst reveal that also lattice oxygen is able to form such kind of
products. Therefore it is possible that a Mars-van-Krevelen type
mechanism should be considered for ethylene oxidation. In addi-
tion, it must be considered that also the cracking mechanism of
ethylene is based on radical reactions and coke formation is pre-
ferred at higher ethene partial pressures [59].

However, the proposed model is similar to the key steps of the
reaction network for the MgO catalyst. It shows that the MgO cat-
alyst and the Na2WO4/Mn/SiO2 catalyst have several similarities,
despite their chemical difference.
3.4. Arrhenius parameter of methane TPSR

In the last section we pointed out, that the rate-determining
step in TPSR experiments is strongly influenced by the heating rate.
Redhead showed that desorption or the rate-determining reaction
step follows an Arrhenius type function [33]. The rate constant of
the surface reaction is proportional to the ratio of heating rate
(b) and peak amplitude temperature (TA) of the formed product,
which is shown in Eq. (5). Following this method an Arrhenius plot
can be constructed. Therefore we carried out methane TPSR exper-
iments with heating rate variation from 1 to 4 K/min. Higher heat-
ing rates show no clear ethane peak as can be seen in the last
section. For a more exact determination of the peak temperature
from the observed ethane peaks, each peak was fitted to an empir-
ical amplitude of the Gaussian function, which is shown in Eq. (6).
All fits had an accuracy of 0.85 or better. The peak temperatures TA,
derived by this method are shown in Table 4.

k � b

T2
A

 !
ð5Þ
xi ¼ xi0 þ A � exp �0:5 � T � TA

w

� �2
 !

ð6Þ

Fitting parameters:

A – peak amplitude (ordinate).
TA – temperature of peak (abscissa).
xi0 –offset of compound baseline.
w - half width of peak signal.

The inverse temperatures of the ethane peaks were plotted to
the Napierian logarithm of heating rate divided by the square of



Fig. 6. Arrhenius type diagram of methane TPSR experiments using the ethane peak
amplitudes, with heating rate of 1–4 K/min, 1 g Na2WO4/Mn/SiO2, 30 sccm/min
methane.
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temperature of the peak amplitude, following the Redhead method
[33]. The result is shown in Fig. 6.

Deriving the activation energy from this plot results in
275 ± 29 kJ/mole. The error of this astonishingly high value is
strongly influenced by the ethane peak amplitude temperatures
and the fitting results. Especially slow heating rates show a noisy
and weak ethane signal. Other influences are CO formation and
carbon deposition, which can block surface sites.

Comparing this activation energy to other apparent formal
kinetic model parameters shows a high discrepancy between these
values. The apparent activation energy for methane activation in
steady state experiments varies from 133 kJ/mole up to 212 kJ/
mole [35,60,61]. The different results show clearly that the deriva-
tion of a reliable result for this step is very challenging, considering
that different oxygen species with different lifetime contributes to
methane activation on the catalyst surface. However, Lunsford and
Coworkers found similar value of 270 kJ/mole [62].

One reason for such a difference is the assumptions for the
derivation of the reaction rate laws. In formal kinetic models,
which were discussed in the last section, the activation of oxygen
undergoes direct dissociation to an adsorbed species (Ox

⁄), which
is shown in Eq. (7). In our work, we assume an involvement of
strongly bound oxygen which may also be lattice oxygen (Ox

⁄). This
may happen by an adsorption process (O2,ads) and a consecutive
dissociation reaction, which is shown in Eqs. (8) and (9).

O2 þ 2 � ¢2O�
x ð7Þ
Fig. 7. Proposed energy profile for the OCM reaction at the Na2WO4/Mn/SiO2

catalyst at 1073 K.
O2 þ �¢O2;ads ð8Þ

O2;ads � ¢ xO�
x ð9Þ

To discuss this situation in more detail, a possible energy profile
of the OCM consecutive reaction network is constructed in Fig. 7.
We assume a two step activation process for oxygen, starting by
adsorption (O2,ads) followed by dissociation (Ox

⁄), which was postu-
lated by Beck et al. [26]. The difference between these two species is
their interaction with the surface. The adsorbed, electrophilic oxy-
gen species O2,ads is responsible for deep oxidation products and is
weakly bound on the catalyst surface. The dissociation of this spe-
cies to the nucleophilic Ox

⁄ involves the catalyst material, which
causes a strong interaction. Both oxygen species must have differ-
ent energy levels, because of their binding situation. The activation
of methane to deep oxidation products undergoes a transition state
with O2,ads (Fig. 7, EA1) in steady state experiments. Assuming that
the conversion of methane, ethane and ethene is initialized by
C–H bond cleavage at the same oxygen species results in similar
activation energies in the range of 120–180 kJ/mol. The much
higher activation energy obtained from the TPSR experiments
(Fig. 7, EA3) clearly indicates the presence of the strongly bound,
presumably dissociated oxygen species at a much lower energy
level. Since this species is already formed during the pretreatment
of the catalyst, a higher activation barrier has to be overcome.
Due to the course of the experiments such a more stable species
is required that survives the pretreatment of the catalyst. In addi-
tion this is supported by the findings of dynamic experiments,
which are discussed in the next section. Similar findings and con-
clusions were made by Sofranko et al. and Jones et al., who carried
out several dynamic experiments with catalyst materials including
alkali promoted Mn/SiO2 catalysts of different compositions
[63–65]. They concluded that different surface oxides are involved
in the OCM process, which confirms our results. Furthermore they
have mentioned that non acidic oxide species are responsible for
unselective methane activation. Several methane activation mech-
anisms were reviewed and discussed by Sinev [66]. He showed that
a heterolytic proton or hydride ion abstraction of a C–H bond has
similar energy expenditures as the molar energy of the lattice for
stable oxides such as MgO or Al2O3.

3.5. Dynamic experiments at constant temperature

3.5.1. Comparison of dynamic and steady state experiments
The results of our steady state experiment are shown in Table 5.

Comparing the selectivities of both experimental sets, steady state
and dynamic experiment (Table 6) shows similar selectivities of C2
and deep oxidation products. It has to be noted that gas phase oxy-
gen contributes to the results of steady state experiments, but not
to the dynamic ones. The major difference in selectivities is the
ratio of ethane to ethene. In the steady state experiment, ethane
is the major product while in dynamic mode ethene dominates.
The low methane conversion and high C2 selectivity in the steady
state experiment indicate less gas phase activity, compared to the
catalytic activity. Therefore we determined the initial reaction rate
of methane conversion from Eq. (10):

rCH4 ¼ _nCH4 �
XCH4

mcat
ð10Þ
Table 5
Results of steady state experiment, CH4:O2 95:5, 180 sccm/min, 1023 K, 1 g catalyst.

X CH4 X O2 S C2H6 S C2H4 S CO2 Y

0.032 0.393 0.676 0.114 0.210 0.025



Table 6
Species based oxygen balance for the dynamic experiments of methane at purge process duration from 10 min to 300 min, 1023 K, 20 sccm/min CH4 for 10 min, 1 g Na2WO4/Mn/
SiO2.

Purge interval 10 min 180 min 300 min

CO2 CO C2H6 C2H4 CO2 CO C2H6 C2H4 CO2 CO C2H6 C2H4

Aver. S 0.08 0.03 0.44 0.45 0.14 0.01 0.48 0.37 0.12 0.01 0.50 0.37
Aver. S 0.11 0.89 0.15 0.85 0.13 0.87
#O/nm2 7.2 5.4 1.8 3.6 10.4 0.6 4.5 7.1 8.8 0.58 4.6 6.8
#O/nm2 18.00 21.66 20.66
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For the dynamic experiment, we assume that the activation of
methane is the rate determining step. All reaction steps should
have a reaction order of one, because of the activation by adsorp-
tion on the catalyst surface. We calculated the formation rates of
all products during the first 20 s, using Eq. (11). It has to be noted
that the methane partial pressure is not constant and still increas-
ing in this time span. The experimental conditions and results for
the dynamic experiment, with a purge time of 10 min, are shown
in Table 6. A detailed discussion for the dynamic experiment fol-
lows in the next section.

rCH4 ¼
X

products;i

nCH4 ðdtÞ
mcat

� mi � dxidt

� �
i

ð11Þ

nCH4 – Moles of methane in 20 s.
xi – Mole fraction of detected compound.
mi – Stoichiometric factor.

In the steady state mode (242 lmol/gcat min�1), the rate is much
higher compared to the dynamic mode (5.19 lmol/gcat min�1). The
difference of almost two orders of magnitudes between both reac-
tion rates indicates several effects.

On the one hand, in steady state mode the methane partial pres-
sure is constant at 0.95 bar, while in the early period of the
dynamic experiment methane partial pressure reaches only
0.1 bar. On the other hand, in steady state the major product is
ethane, while in dynamic mode ethane and ethene have the same
ratio. Therefore the formed ethane, which is even more reactive,
competes in the dynamic experiment with the fed methane for
the oxygen and therefore has also a substantial effect on the mea-
sured rate of methane consumption. We assume, that the low flow
of 20 sccm/min in the dynamic experiment compared to 180 sccm/
min in the steady state experiment allows more consecutive oxida-
tive dehydrogenation of ethane. In Addition the catalyst in steady
state mode is continuously reoxidized by gas phase oxygen, which
also enhances the reaction rate. Therefore not only the strongly
bound oxygen intermediate is present on the catalyst surface.
The weakly bound intermediate contributes also to the reaction
rate. The reoxidation rate of the catalyst is fast compared to
methane activation. Thus, the catalyst activity is not limited by
the available amount of oxygen [47].

In contradiction, in dynamic experiments only small amounts of
oxygen are stored on the catalyst surface, which are rapidly con-
sumed. Further effects may limit the reaction rate by mass trans-
port limitation. Possible is the formation of OH groups on
Na2WO4/Mn/SiO2, which can even block sites for methane adsorp-
tion. An additional limiting effect is the formation of coke, which
can also block or convert active sites. All these effects cannot be
fully excluded.

However, the large difference in methane partial pressures in
steady state and dynamic experiments and the big differences in
availability of oxygen in both experimental modes seem to have
the strongest effects on the reaction rate. Thus, we assume to
observe comparable initial activity of the active oxygen sites in
both types of experiments.

3.5.2. Influence of purge time and flow rate in dynamic experiments
In the first series we carried out a variation of the purge time

with Helium from 10 min to 5 h. The results for these experiments
are shown in Fig. 8. At time 0 s, the methane flow reached the cat-
alyst bed after purging with inert gas for different time intervals. In
all experiments we obtained a C2 selectivity of 85% or better. The
amplitudes of the product peaks are much higher compared to
the TPSR experiments. In the TPSR experiments the time span
between oxidation and reaction is dependent on the heating rate.
Furthermore, in TPSR experiments the oxygen conversion starts
at lower temperatures and the amount of stored oxygen decreases
in a longer time span. Slow increase of temperature enhances this
effect. Reaching high temperatures, most of the oxygen will be con-
verted and the peak amplitude is low. In the TPD experiment we
could observe an oxygen loss at these temperatures, which may
also contribute.

During the first minute in all dynamic experiments we observe
deep oxidation products, indicated by CO and CO2 formation. In
this time interval the partial pressure of methane is still increasing,
because it replaces the He from the purging process. At high
methane partial pressures and reaching the ethene peak ampli-
tude, the CO signal vanishes. The same phenomenon is observed
for the CO2 signal, which has a longer time span than CO. The early
decrease of the CO2 signal indicates that the available amount of
oxygen for OCM reaction decreases rapidly and only small amounts
are consumed for ethane and ethene formation. The preferred
route of deep oxidation product formation, from methane or
ethene, during dynamic experiments cannot be revealed. Isotopic
labeling experiments for the Na2WO4/Mn/SiO2 catalyst reveal no
kinetic isotope effect (KIE) of CH4/CD4 for deep oxidation product
formation [67]. It was concluded, that a different site on the cata-
lyst surface is responsible for COX formation, which was suggested
to be MnOX.

To quantify our results an oxygen balance for each compound
was calculated. To do so, the peak areas for each compound (Ai,peak)
were integrated with respect to the baseline level. The amount of
each product was calculated as shown in Eq. (12) and the corre-
sponding moles of consumed oxygen with respect to the stoi-
chiometry were determined. We assume that surface bound
oxygen (O⁄) is an atomic species and quantitatively converted to
water. The corresponding reactions are shown in Eqs. (13)–(16).

ni ¼
Ai;peak½% s� � _V m3

s

h i
� p½Pa�

R J
mol K

� � � T½K� ð12Þ

CH4 þ 4O� ! CO2 þ 2H2O ð13Þ

2CH4 þ O� ! C2H6 þH2O ð14Þ



Fig. 8. OCM product signals from dynamic experiments with methane with increasing of purge duration at 1023 K, 20 sccm/min CH4 for 10 min, 1 g Na2WO4/Mn/SiO2, A –
10 min He purge, B – 180 min He purge, C – 300 min He purge.

Fig. 9. Selectivity for purge time reduction of dynamic experiments from 5 min to
15 s, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 10 min.
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2CH4 þ 2O� ! C2H4 þ 2H2O ð15Þ

CH4 þ 3O� ! COþ 2H2O ð16Þ
The results of these oxygen balances are listed in Table 6. The

calculated oxygen amounts are similar to those from the H2-TPR
experiment. Increasing the purge time has no substantial influence
on the available oxygen amount. As mentioned before, most oxy-
gen was converted to form deep oxidation products. Only increas-
ing of the purge time interval to 5 h decreases the peak amplitudes
of all formed products slightly. Another effect is the decrease of the
peak tailing of ethene, whereas the tailing of CO2 is increased. This
implies that the catalyst structure could have changed. As demon-
strated in our TPD experiment the catalyst material desorbs oxy-
gen at high temperatures. That could lead to a change of the
oxidation state of manganese oxide from Mn2O3 to Mn3O4, for
instance. Both species have different activity for unselective
methane activation [38].

With this experiment, we can show that the provided oxygen is
stored under harsh conditions even for hours. This implies that the
active center on the Na2WO4/Mn/SiO2 for OCM is bound or inte-
grated oxygen in the lattice structure, because simply adsorbed
oxygen species should not survive such treatment without addi-
tional stabilization. From the mechanistic point of view these
results support the theory of a Mars-van-Krevelen like mechanism
for the OCM reaction on Na2WO4/Mn/SiO2.

Similar step-change experiments in the OCM with this material
were carried out by Salehoun and coworkers [68]. They could
show an increase of the ethane peak by an increase of reaction
temperature, indicating larger amounts of available oxygen. An
interesting difference is the observed ratio of ethane and ethene,
because their results show strong ethane formation and less
ethene formation, but overall C2 selectivity is close to our results.
They also concluded that C2 products may come from lattice oxy-
gen by selective methane activation, where CO is formed by unse-
lective reaction of methane with gas phase oxygen. Both
interpretations confirm our results. They mentioned also that the



Table 7
Compound based oxygen balance for short He purge times in dynamic experiments from 300 s down to 15 s, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 10 min.

Purge time (s) CO2 (#O/nm2) CO (#O/nm2) C2H6 (#O/nm2) C2H4 (#O/nm2) R (#O/nm2)

300 10.70 0 7.33 2.57 20.60
270 9.41 0 7.64 1.89 18.94
230 9.77 0 7.27 1.77 18.81
160 8.94 0 7.72 1.66 18.32
100 9.14 0 7.19 1.47 17.80
60 9.46 0 7.02 1.52 17.99
30 9.74 0 7.55 2.19 19.47
15 8.27 0 8.55 2.30 19.11

Fig. 10. Total number of oxygen atoms per nm2 at different purge time durations in dynamic experiments, 1 g Na2WO4/Mn/SiO2, 1023 K, 20–30 sccm/min CH4 for 10 min.

Fig. 11. Selectivity of the varied methane feed concentration in dynamic experi-
ments, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 5 min.
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reduced catalyst will be reoxidized by gas phase oxygen, while the
catalyst reoxidation rate is much faster than its rate of reduction by
bond cleavage of alkanes or alkenes.

The selectivities observed in short purge time experiments are
shown in Fig. 9. A detailed oxygen balance for each compound
can be found in Table 7. The C2 selectivity changes substantially.
The major product is ethane, whereas ethene decreases and is in
the range of the CO2 signal, which is a minor product. During these
experiments no CO was detected by decrease of residence time. On
the one hand that could be interpreted, that no methane was acti-
vated in an unselective way and the CO2 results from ethene acti-
vation, according to the discussed reaction network before. On the
other hand it must be considered that CO could be also oxidized to
CO2 on the catalyst surface. Therefore it is not possible to distin-
guish between methane and ethene activation to form deep oxida-
tion products.

The number of available oxygen atoms stays constant at
20 O/nm2. A more or less constant number of converted oxygen
atoms from the catalyst surface indicate that no significant coke for-
mation from ethene disproportionation blocks available surface
oxygen for the OCM reaction, in both sets of experiments. These
experiments imply that the feed contact time with the catalyst
bed has a strong influence on the C2 product ratio, but not on deep
oxidation products. That supports our statement from the TPSR sec-
tion that adifferentoxygen speciesmustbe responsible fordeepoxi-
dation product formation, which can interact with methane and
ethene in a different, independent route. In our TPSR experiments
we discussed that the parallel reactions ODH on the catalyst surface
and TDH in gas phase are responsible for C2H4 formation. It has to be
noted that we cannot reveal how strong these routes are involved in
product formation.

Another observed phenomenon is that there is still no influence
of the purge interval on the OCM itself. Even for 15 s purge



Table 8
Compound based oxygen balance for reduced methane partial pressure in the reactant feed of dynamic experiments, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 5 min.

CH4 feed ratio CO2 (#O/nm2) CO (#O/nm2) C2H6 (#O/nm2) C2H4 (#O/nm2) R (#O/nm2)

1.00 5.22 0.03 4.31 1.45 11.01
0.50 1.75 0.01 2.87 0.85 5.48
0.33 1.24 0.00 2.00 0.80 4.03
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duration, there is no shift in the selectivities observed. This result is
only plausible, when short purge processes are sufficient for
removing all gas phase and adsorbed oxygen from the catalyst sur-
face and the reoxidation rate of the catalyst is fast. A sum of the
available oxygen on the Na2WO4/Mn/SiO2 is shown in Fig. 10 that
shows no significant change in the available oxygen amount on the
catalyst surface for purge time variation.

3.5.3. Methane partial pressure variation in the reactant feed of
dynamic experiments

The response of the selectivities to methane partial pressure
variation in the reactant feed is shown in Fig. 11. The ethene selec-
tivity increases slightly when reducing the methane partial pres-
sure. CO2 is only observed for pure methane feed and only small
traces of CO appear. Therefore the C2 selectivity is around 0.9. A
decrease of the methane partial pressure shifts the overall C2
selectivity for these experimental conditions to 0.96. By reducing
the methane fraction in the feed, the converted oxygen amount
from the catalyst surface decreases in the same ratio (Table 8).
These numbers indicate that less oxygen is consumed, compared
to the dynamic experiments before, which showed 20 O/nm2. In
addition, reducing the reactant feed duration from 10 to 5 min
leads to a decrease of the converted oxygen, in pure methane feed
experiment, too.

This indicates again, that there is linear methane partial pres-
sure dependence for the overall OCM process on Na2WO4/Mn/
SiO2 catalysts. Our results are in good agreement with isotopic
labeling experiments of Burch et al., who found a similar correla-
tion [67].

4. Conclusion

In our H2-TPR experiments we found reduction of Na2WO4/Mn/
SiO2 catalyst at 950 K. The O2-TPD shows weak early oxygen des-
orption at 540 K and a clear oxygen desorption peak at 1070 K.
Both experiments show that the catalyst structure provides oxygen
which interacts with different oxidation potentials.

In TPSR experiments we found that methane can be converted
into CO or ethane. That is caused by two different oxygen species
according to our simulation results. The formed ethane can be oxi-
dized further to ethene in a parallel reaction, by oxidative or ther-
mal dehydrogenation on the catalyst surface or in gas phase. This
process is dependent on the available oxygen amount at the cata-
lyst surface and a serious route in the OCM reaction. Ethene under-
goes disproportion to coke and methane formation. We also
observe CO2 formation in a parallel pathway. All these pathways
were only obtainable in non-cofeed experiments. Methane TPSR
experiments at heating rates of 1–4 K/min result in an activation
energy of 275 kJ/mole for methane activation and ethane forma-
tion by catalyst bound oxygen. This value is common by the
assumption that lattice oxygen or a strongly adsorbed oxygen spe-
cies is involved in the rate determining step of the OCM process on
the Na2WO4/Mn/SiO2 catalyst. The higher activation energy
obtained from a TPSR experiment compared to methane activation
energies from steady state experiments in the literature can be
explained by an energy profile including such an activated oxygen
species, which is shown in Fig. 7. We conclude that strongly
adsorbed or lattice oxygen is responsible for methane activation,
which has a much lower energy level, compared to adsorbed
molecular oxygen. In our dynamic experiments we found that
around 20 O/nm2 are available on the catalyst surface for the
OCM process. This number is independent of purge times between
15 s and 300 min and even of the flow rate of methane, which has a
strong effect on C2 selectivity but not on the total product amount.
Such a high number of available oxygen atoms per surface area
indicate involvement of lattice oxygen and may be from sublayers
of the catalyst material, caused on its flexible structure properties.
A linear decrease of the converted oxygen atoms on the catalyst
surface is only observed when reducing the methane feed duration.
Partial pressure variation of methane showed a linear dependence
on the converted number of oxygen atoms, too.

Finally, the nature of oxygen adsorption and conversion by that
catalyst material has strong similarities with other well-known
partial oxidation reactions as the synthesis of formaldehyde or
ethylene oxide from methanol or ethene on silver catalysts
[53,54,69,70]. The function to store a selective oxygen species for
chemical reactions under harsh conditions for different periods of
time might be useful for dynamic reactor concepts, such as chem-
ical looping. Such a concept has the advantage of excluding oxida-
tion reactions in gas phase. Typical material properties for such a
concept are fast storage of oxygen and fast oxygen release for
chemical reactions [71]. In our work we could show that a reoxida-
tion of the material is fast compared to the OCM reaction. A direct
conversion of the strongly bound oxygen species on the catalyst
surface by methane might be a proper manner for a modified
chemical looping concept. Such a concept was already successfully
tested for propane dehydrogenation and is reviewed in detail
elsewhere [72,73].
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Investigation of the surface reaction network 
of the oxidative coupling of methane over 
Na2WO4/Mn/SiO2 catalyst by temperature 
programmed and dynamic experiments -  

Supporting information 

1. Experimental 

1.1. Setup for TPSR and Dynamic experiments 
The setup for dynamic experiments is illustrated in Figure 1. Different gases can be transported by 

mass flow controllers (MFC). In front of each MFC a switching valve (SV) was installed. The 

connection pipe between these valves and the reactor entrance has a length of 2 m to handle 

pressure fluctuation by switching the two way valves. All connections were tested by leakage spray 

to test for micro gas leakages. That was verified by mass spectroscopy to ensure that even no traces 

of gas phase oxygen by air leakage contribute to dynamic experiments. The methane MFC has two 

inlets, which can be selected by a three way valve. That allows the dose of ethane and ethylene. All 

MFC’s were calibrated by an external flow meter (Gilian, Gilibrator-2 Calibrator) considering the 

different gases. A detailed analysis about the furnace temperature profile is reported in the next 

section. Finally the outlet of the reactor was connected to a quadrupole mass spectrometer (IPI QMS, 

GAM 200). 
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Figure 1 - Construction scheme of the dynamic setup 

1.2. Reactor and Furnace 
The quartz made reactor is presented in Figure 2. The type K thermocouple is placed in a quartz 

channel. The tip position of that channel is inside of the catalyst bed. That position was used for 

temperature control. The catalyst material is placed on a quartz frit, which is in the isothermal zone 

of the reactor.  



3 
 

 

Figure 2- Detailed scheme of the fixed bed reactor (din = 9 mm, dcapilary,thermocouple = 4 mm). 

 

A series of axial temperature profiles of the heated parts of the reactor were measured by an 

additional, movable type K thermocouple. The reactor was placed in the furnace and heated up to a 

fixed temperature. After reaching that  temperature a movable thermocouple was introduced at the 

inlet or the outlet of the reactor to measure the local temperature on several positions. At this time, 

no gas was send through the reactor. The results are presented in Figure 3. The position of the 

catalyst bed (2 g Na2WO4/Mn/SiO2) is also presented.  It can be seen, that the catalyst bed is clearly 

in the axial isothermal zone of the reactor. The radial temperature profile was neglected because of 

symmetric geometry of the reactor and temperature control inside of the catalyst bed. During 

dynamic experiments no temperature increase was observed. Calculation of the adiabatic 

temperature increase results in 33 K, assuming the total oxidation of methane in gas phase according 

to equation (1). The concentration for oxygen was set to the presented value in the manuscript, 

considering the fictive free space of the catalyst material as reaction volume. 

 CH4 + 2 O2 →  CO2 + 2 H2O (1) 
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Figure 3 – Axial temperature profile of the heated reactor section at constant set temperature. 

2. Catalyst characterization 

2.1. BET 
The nitrogen adsorption apparatus and sample preparation was described elsewhere. [1] Selected 

results are presented in Table 1. The enumeration of some experiments follows the experimental 

plan in Table 2. After the oxidation pretreatment procedure the catalyst material shows only small 

shrinkage of the specific surface area (SSA). After performing dynamic experiments only small 

deviation of the SSA is observed. That is a common effect for that material. [2,3] 

Table 1 - Results of nitrogen adsoption experiment of pretreated and spend catalysts in dynamic experiments 

Experiment 
Initial specific 
surface area 

(m²/g) 

After oxidation 
pretreatment of the 

catalyst material (m²/g) 

After dynamic 
experiments (m²/g) 

TPR 1 1.86 X 1.68 
TPR 2 1.86 1.72 1.70 
TPD 1 1.86 X 1.70 
TPD 2 1.86 1.75 1.68 

TPSR (CH4 3 K/min) 1.86 1.69 1.76 
TPSR (C2H4 3K/min) 1.86 1.80 1.68 

Dynamic experiment 
(purge time 10 min) 

1.86 1.77 1.70 

Dynamic experiment 1.86 1.72 1.70 



5 
 

(purge time 300 min) 
Dynamic experiment 

(purge time 5 sec) 
1.86 1.74 1.69 

 

2.2.  X-ray diffraction analysis 
The experimental details were described elsewhere. [1] The xray diffraction patterns of different 

treated Na2WO4/Mn/SiO2 catalysts are presented in Figure 4. The fresh catalyst shows diffraction 

patterns for Cristobalit, Tridymite, Na2WO4 and Mn2O3. After the mentioned peroxidation method 

the XRD pattern reveal additional peaks for quartz and very weak signals for MnWO4. No other 

phases were identified for the catalyst material after dynamic experiments. These results are in good 

agreement with other groups. [2–6] 

 

Figure 4 - XRD patterns of fresh, pretreated and spend Na2WO4/Mn/SiO2 catalysts 
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3. Experimental plan 
An experimental plan of all experiments is listed in Table 2. 

Table 2- Experimental plan of all temperature ramp and dynamic experiments 

Experiment 
Catalyst 

pretreatment 

Catalyst 
Amount 

(g) 

Temp. 
ramp 

(K/min) 

Max. 
Temp. 

(K) 

Reduction Feed 
composition 

Total 
time of 

reduction 
Feed 
(min) 

TPR 1 
Purge He, no 

heating 
0.06 2 1093 

N2:H2 (9:1, 60 
sccm/min) 

400 

TPR 2 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

0.06 2 1093 
N2:H2 (9:1, 60 

sccm/min) 
400 

O2 TPD 
Purge He, no 

heating 
1 5 1093 

He (99.999 %, 20 
sccm/min) 

160 

O2 TPD 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 5 1093 
He (99.999 %, 20 

sccm/min) 
160 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 1 1073 
30 sccm/min methane 

(99.99 %) 
800 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 2 1073 
30 sccm/min methane 

(99.99 %) 
400 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 3 1073 
30 sccm/min methane 

(99.99 %) 
265 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 4 1073 
30 sccm/min methane 

(99.99 %) 
200 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 5 1073 
30 sccm/min methane 

(99.99 %) 
160 

TPSR – 
C2H6 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 1 1073 
He:C2H6 (95:5, 30 

sccm/min, 99.98 % 
C2H6) 

800 

TPSR – 
C2H6 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 3 1073 
He:C2H6 (95:5, 30 

sccm/min, 99.98 % 
C2H6) 

265 

TPSR – 
C2H6 

Oxidation 10 
K/min – 1023 K 

1 5 1073 
He:C2H6 (95:5, 30 

sccm/min, 99.98 % 
160 
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for 1 h, Purge 
He 

C2H6) 

TPSR – 
C2H4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 1 1073 
He:C2H4 (95:5, 30 

sccm/min, 99.98 % 
C2H4) 

800 

TPSR – 
C2H4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 3 1073 
He:C2H4 (95:5, 30 

sccm/min, 99.98 % 
C2H4) 

265 

TPSR – 
C2H4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 5 1073 
He:C2H4 (95:5, 30 

sccm/min, 99.98 % 
C2H4) 

160 

Dynamic 
Long purge 

time 

Oxidation 1023 
K for 10 min, He 

purge 10 min 
1 - 1023 

20 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Long purge 

time 

Oxidation 1023 
K for 10 min, He 
purge 180 min 

1 - 1023 
20 sccm/min methane 

(99.99 %) 
10 

Dynamic 
Long purge 

time 

Oxidation 1023 
K for 10 min, He 
purge 300 min 

1 - 1023 
20 sccm/min methane 

(99.99 %) 
10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 300 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 270 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 230 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 160 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 100 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 60 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 30 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 15 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Partial 

pressure 
variation 

Oxidation 1023 
K for 10 min, He 

purge 300 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic Oxidation 1023 1 - 1023 15 sccm/min methane 10 



8 
 

Partial 
pressure 
variation 

K for 10 min, He 
purge 300 s 

(99.99 %) + 15 
sccm/min  He (99.999 

%) 
Dynamic 
Partial 

pressure 
variation 

Oxidation 1023 
K for 10 min, He 

purge 300 s 
1 - 1023 

10 sccm/min methane 
(99.99 %) + 20 

sccm/min  He (99.999 
%) 

10 

 

4. Simulation of TPSR experiments 

4.1.  Modell and conditions 
For TPSR experiments we assumed a large difference between methane feed concentration and the 

stored oxygen amount on the catalyst surface. That type of in-stationary process was modeled as 

batch-type reactor system. Furthermore the adsorption and desorption of educts and products do 

not contribute to the reaction progress, because the selective or unselective activation of methane is 

the rate limiting step. We considered different scenarios of one (O*) or two (Oα*, Oβ*) different 

oxygen species on the catalyst surface. The relative, initial concentration of methane was set to 

0.999 and for O* to 0.001 in the case of one oxygen species.  In the case of two different oxygen 

species the relative methane concentration was set to 0.998, for Oα*= 0.001 and Oβ* = 0.001. 

Furthermore it is possible that methane is converted by a parallel reaction to ethane and CO or due 

to a consecutive reaction, where ethane is an intermediate. The corresponding balances for each 

mechanism are presented in Table 3 as hypothetical scenario. Initial reactant A simulates methane, 

while B stands for ethane and C for CO. The rate constant for each reaction was derived by equation 

(2).  

In all cases the pre exponential factor was set to 109 l/(molemin). In literature it is assumed that 

methane activation is the rate limiting step and deep oxidation reactions are favored. That was 

considered by two different activation energy barriers (EA1 > EA2). Because of big differences for these 

parameters in several kinetic models we assumed EA1 = 150 kJ/mole and EA2 = 100 kJ/mole. [7–11] 

Please note, that such a model is only valid for fundamental demonstration aspects of heating rate 

variation experiments! 

 
ki = 𝑘𝑜𝑜,𝑖 ⋅ exp (−

𝐸𝐴,𝑖

𝑅 ⋅ (𝑇𝑖𝑛𝑖 + 𝛽 ⋅ 𝑡)
) 

 
β = heating rate (K/min), t = simulation time (min), Tini = 298 K 

(2) 
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Table 3 - Mass balances for different reaction mechanism in simulated temperature programmed experiments A – CH4 B 
– C2H6, C - CO 

Parallel reaction – 1 oxygen species 
1. 𝑨 + 𝑶∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑨 + 𝑶∗ → 𝑪 + 𝟐 𝑯𝟐𝑶 

Consecutive reaction – 1 oxygen species 
1. 𝑨 + 𝑶∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑩 + 𝑶∗ → 𝑪 + 𝑯𝟐𝑶 

𝒅𝒄𝑨

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗ − 𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶
∗  

 
𝒅𝒄𝑶∗

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗ − 𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶
∗  

 
𝒅𝒄𝑩

𝒅𝒕
=  𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗  

 
𝒅𝒄𝑪

𝒅𝒕
=  𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗  

 

𝑑𝑐𝐴

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂

∗  

 
𝑑𝑐𝑂∗

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂

∗ − 𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂
∗  

 
𝑑𝑐𝐵

𝑑𝑡
=  𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂

∗ − 𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂
∗  

 
𝑑𝑐𝐶

𝑑𝑡
=  𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂

∗  

Parallel reaction – 2 oxygen species 
1. 𝑨 + 𝑶𝜶

∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑨 + 𝑶𝜷

∗ → 𝑪 + 𝟐 𝑯𝟐𝑶 

Consecutive reaction – 2 oxygen species 
1. 𝑨 + 𝑶𝜶

∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑩 + 𝑶𝜷

∗ → 𝑪 + 𝑯𝟐𝑶 
𝒅𝒄𝑨

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶𝜶

∗ − 𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜷
∗  

 
𝒅𝒄𝑶 𝜶∗

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑪𝑨 ⋅ 𝒄𝑶 𝜶

∗  

 
𝒅𝒄𝑶 𝜷∗

𝒅𝒕
=  −𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜷

∗  

 
𝒅𝒄𝑩

𝒅𝒕
=  𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜶

∗  

 
𝒅𝒄𝑨

𝒅𝒕
=  𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜷

∗  

𝑑𝑐𝐴

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂 𝛼

∗  

 
𝑑𝑐𝑂 𝛼∗

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂 𝛼

∗  

 
𝑑𝑐𝑂 𝛽∗

𝑑𝑡
=  −𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂 𝛽

∗  

 
𝑑𝑐𝐵

𝑑𝑡
=  𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂 𝛼

∗ − 𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂 𝛽
∗  

 
𝑑𝑐𝐶

𝑑𝑡
=  𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂 𝛽

∗  

 

4.2.  Results and Discussion 
The simulation results for different kinetic TPSR situation is presented in Figure 5. In all cases a higher 

temperature ramp shifts product formation signals to higher temperatures. In Figure 5-A a parallel 

reaction for selective (product B) and unselective (product C) methane activation on the same 

oxygen species Oα is presented. Formation of product C is preferred at lower temperatures and 

followed by formation of product B. A hypothetical, consecutive reaction for selective methane 

activation and unselective ethane conversion is shown in Figure 5-B. Product B is converted 

immediately to product C, which leads consequently to no shift of peak amplitudes. Another 

situation (Figure 5-C) is found for a parallel reaction of reactant A, activated by two different oxygen 

species Oα and Oβ on the catalyst surface. It can be seen that both reactions run independently from 

each other. Therefore peak formation and amplitude shift depend only on activation energy. Another 

possible situation for methane conversion is presented in Figure 5-D. Reactant A is converted to 

product B by Oα which is followed by an unselective activation by Oβ forming product C. Therefore 

product B is formed and converted to product C at higher temperatures. 
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Figure 5 - Simulation results of TPSR experiments 
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In this work we present chemical looping and simulated chemical looping as a new reactor concept for
the oxidative coupling of methane over Na2WO4/Mn/SiO2. As a consequences of an alternating feed of
oxygen and methane to the catalyst bed side reactions are avoided and the selectivity of the coupling
reaction is greatly increased. By variation of methane pulse contact time and temperature a maximum
yield of 0.25 is obtained. Although this does not exceed the often discussed yield limitation of OCM, it
is achieved from a substantially lower amount of converted methane. A time on stream experiment were
carried out at 775 and 800 �C for 150 min and showed stable performance and C2 yield.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Oxidative coupling of methane

The oxidative coupling of methane (OCM) is an attractive alter-
native concept for ethylene production from methane based feed-
stocks, as natural gas or bio gas. Major issues for this reaction are
high temperatures and therefore competing combustion reactions
in the gas phase. Industrial application of OCM is currently not
economically viable due to an apparent yield limitation of 0.25
achieved usually at around 0.6 conversion and 0.4 selectivity
[1–3]. Therefore a strong emphasis on reaction engineering is
necessary to achieve higher selectivity and yields [4–6].

The basic principle of OCM is the activation of methane by a cat-
alyst material which leads to methyl radical formation by CAH
bond cleavage. The methyl radicals can couple to ethane in the
gas phase, close to the catalyst surface [7]. A major problem of
OCM is the parallel activation of methane and its coupling products
in the gas phase. The mentioned components are oxidized to deep
oxidation products, what causes a substantial reduction of the
selectivity of the process. For improving the selectivity of this reac-
tion a better control of the complex interaction of gas phase and
surface reactions is necessary. An apparent yield limitation of
0.25 is an often observed phenomenon for several catalyst materi-
als for OCM, which may be caused from these gas phase reactions.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2016.07.094&domain=pdf
http://dx.doi.org/10.1016/j.cej.2016.07.094
mailto:schomaecker@tu-berlin.de
http://dx.doi.org/10.1016/j.cej.2016.07.094
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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The upper yield limit for C2 products in the absence of gas phase
reactions is estimated to be 0.6 [8].

1.2. Chemical looping process and similar concepts

Chemical looping was applied as a reactor concept in the chem-
ical industry for the first time around 100 years ago. This concept
was a new route for the synthesis of hydrogen from methane
and oxygen by iron particles (syngas chemical looping) [9]. The
advantage of chemical looping is the separation of parallel reaction
steps during steady state operation into consecutive reaction steps.
Disadvantages of this process concept are high costs for capital
investment, remote control and maintenance in comparison to
Fig. 1. Principal concept of a chemical-looping process for oxidation reactions.

Fig. 2. Principal concept of chemical-looping in the
classical steady state reactors. Today, some major research fields
are devoted to the utilization of the concept, like chemical looping
combustion (CLC) and syngas chemical looping (SLC) or chemical
looping hydrogen system (CLH) [10].

A design layout for CLC is shown Fig. 1. Air flows over an
oxygen-carrier material (MexOy�2), which contains less oxygen
than MexOy. On the outlet of the oxygen adsorption reactor, the
air is (partially) depleted of oxygen. The carrier material, with high
oxygen content, is transferred to the combustion reactor. The
bound oxygen is released into the gas phase, which is achieved
by temperature increase or pressure drop. A reactant can thus be
oxidized by pure oxygen. The reduced oxygen-carrier is afterwards
transferred back to the oxygen adsorption reactor. Such a process
has the advantage that the stream of oxidation products contains
no nitrogen from the air, which avoids a complex separation pro-
cess or an air separation unit for the oxygen feed stream. Well-
knownmaterials for methane CLC and Chemical looping Reforming
(CLR) are CuO, Mn2O3 or Co3O4 [11–13]. These materials are often
supported on silica to increase the specific surface area to optimize
oxygen storage and release time. Both, CLC and CLR process oper-
ate in the temperature range of 800–1000 �C at ambient pressure.
1.3. Chemical looping concept for the oxidative coupling of methane

A basic concept for a simulated chemical looping process on the
lab scale is presented in Fig. 2. It is based on the idea of dynamic
experiments, where the feed is switched between different reac-
tants. This is realized by two independently operated six-port
pulse valves and a fixed bed reactor, which will be discussed
below. The first step serves as the catalyst oxidation process, by
dosing oxygen (Fig. 2 – 1), and the second step doses methane
(Fig. 2 – 3) for the reduction of the catalyst and methane coupling
reaction. The dosing of reactants is always followed by a purging
process (Fig. 2 – 2 & 4), which is necessary to avoid mixing of oxy-
gen and methane. A mixed pulse would directly lead to gas phase
oxidative coupling of methane by pulse valves.
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combustion reactions. Beneficially, the purge gas is also the carrier
gas for the reactant pulses, which allows dosing of well-defined
amounts of oxygen and methane. A proper dosing strategy allows
a continuous operation of this process.

The Na2WO4/Mn/SiO2 catalyst material was first introduced by
Fang and coworkers and shows a stable catalytic activity for
hundreds of hours [14]. Further it showed suitable stability and
activity in dynamic experiments, similar to the chemical looping
concept [15,16]. In this work we want to take the advantage to
investigate the catalyst performance in yield boundary studies
without any influences by gas phase combustion reactions.
Furthermore this concept was tested in a repetitive continuous
operation and compared to classical co-feed operation mode. This
will support the investigation of the OCM surface reactions under
process relevant conditions for the Na2WO4/Mn/SiO2 catalyst. It
has to be noted, that the Na2WO4/Mn/SiO2 material fulfills two
functionalities. On the one hand it serves as oxygen carrier mate-
rial, according to the description before. Thus it will be oxidized
to store oxygen, similar to the oxygen carrier materials in the
CLC processes. On the other hand the material has also the role
of a catalyst material. The stored oxygen is used in a dynamic oper-
ation to convert methane into C2 products by the OCM reaction.
Other groups demonstrated that advanced reactor concepts for
the OCM reaction showed improved C2 production performance.
Kruglow and coworkers demonstrated the operation of a counter-
current moving-bed chromatographic reactor. They separated the
C2 products from unconverted reactants at low conversions and
recycle those back [17]. They were able to reach 0.55 C2 yield.
Godini and coworkers presented a membrane reactor with an
optimized oxygen dosing strategy [18]. They fed oxygen by use
of a membrane in small amounts to the catalyst fixed. Thus, gas
phase reactions with gas phase oxygen were minimized.
2. Materials and methods

2.1. Setup design

The chemical looping concept was realized by two pneumatic
six-port diaphragm valves (Vichi Valco DV22-2116). The concept
of such a valve and its operation is shown in the Supporting
information.

A detailed flow chart of the complete setup is shown in Fig. 3.
The oxygen and methane supply for both pulse valves is realized
by mass flow controllers (MFC, Bronkhorst), which are connected
to the first inlet of the pulse valves (PV). It was chosen for purge
gas, which is also controlled by a MFC. The pipe is split close to
the pulse valves and connected to their second inlet, in order to
supply both of them at the same time with carrier gas. Nitrogen
supply (6 bar) for the pneumatic impulse is connected to a solenoid
for each pulse valve. As mentioned before, the solenoids are con-
nected to transducers (Td, Htronic 191030), which are connected
to a PC for data aqusition. Pulse composition can be detected by
a quadrupole mass-spectrometer (QMS, IPI GAM 200). Remote con-
trol software for the solenoids and the temperature control of the
furnace was written in Visual Basic.

A scheme of the tubular fixed bed reactor is in the Supporting
information.
2.2. Catalyst preparation and catalytic tests

2.2.1. Catalyst preparation and characterization
A detailed preparation and analysis of the Na2WO4/Mn/SiO2 cat-

alyst is described elsewhere. The catalyst has a composition of
5 wt.% Na2WO4 and 2 wt.% Mn(II) and a specific surface area of
1.86 m2/g [19]. The catalyst particle size was 200–300 lm.
2.2.2. Simulated chemical looping experiments
All chemical looping experiments were performed between 700

and 800 �C and at ambient pressure. 2 g catalyst were placed into
the isothermal zone of a fixed bed reactor, held by a quartz frit
and heated up with 15 K/min under a flow of He:O2 (95:5,
30 nml/min). To start a series of experiments the reactor was first
purged with He, since a constant signal was reached. The total feed
flow rate was varied from 15 to 50 nml/min. Methane was dosed
from a 1 ml storage loop. The residence time of the gas pulse in
the catalyst bed depends strongly on the flow rate, which will be
discussed later. After each methane pulse, the catalyst was re-
oxidized for 5 min in a flow He:O2 (95:5, 30 nml/min) during yield
study experiments, taking care for a complete reoxidation.

The pulses were detected by a quadrupole mass-spectrometer
(QMS, IPI GAM 200). A small amount of the gas flow was send
through a capillary into the QMS high vacuum system, ionized by
yttrium filaments and the signal was amplified and detected by a
secondary electron multiplier (SEM). All compounds (Z = CH4,
C2H6, C2H4, CO, CO2 and O2) were calibrated with calibration gas
bottles (Z: He = 5: 95 ± 0.005%, Deuste Steiniger). The calibrated
m/e ratios for all compounds are presented in the Supplementary
material. These one-point calibrations for each compound were
repeated 15 times for a precise average value. The calibration
was verified by utilization of calibration gas mixtures of (CH4:
C2H6:C2H4:He) and (CH4:CO:CO2:He) in the range from (5:5:5:85,
±0.005%, Deuste Steiniger) to (15:15:15:55, ± 0.005%, Deuste
Steiniger).

The measurement of CH4, C2H6, C2H4, CO and CO2 by mass spec-
troscopy had an interval for each measurement of 5 s. Larger time
scales for product detection allow a higher precision for the deter-
mination of individual compound concentrations, but has worse
resolution for peak detection. Faster methods have a lower
accuracy to distinguish ethane and ethene from each other. The
number of detected data points for each pulse depends on the flow
rate. Therefore the number of data points per detected peak differs
from 8 to 34, which is an appropriate resolution for further
analysis. The carbon balance for each pulse was between 0.88
(flow = 50 nml/min) and 0.95 (flow = 15 nml/min).

Repetitive continuous simulated chemical looping was carried
out at 775 �C for 150 min (50 CH4 pulses) and further on at
800 �C for another 150 min (50 CH4 pulses) at 25 nml/min with
2 g catalyst. The experiment was started by an oxygen pulse fol-
lowed by a time delayed methane pulse. The delay time between
dosing of the individual reactants was chosen so that the overlap
of methane and oxygen pulses was negligible (120 s). The volumes
of the methane and oxygen pulses were set to 1 ml gas at 1 bar.
That decision was made to reduce the oxidation time to the same
length as the reaction time for the methane pulse.
2.2.3. Steady state experiments
The steady state experiments were carried out in a fixed bed

reactor. 250 mg of the catalyst material were placed in the isother-
mal zone of the reactor. A gas mixture of CH4:O2:He (3:1:4) was
sent through the reactor at flow rates of 25 and 50 nml/min. This
composition allows reduction of the gas phase activity and was
chosen also on the mini plant scale in a fluidized bed reactor for
a comparison of different reactor concepts [20]. The temperature
was set to 800 �C. Detection was carried out by a QMS.
3. Results and discussion

3.1. Yield studies for simulated chemical looping

For a comparison of steady state and looping experiments
performing OCM reactions, the characteristic contact time (t) of



Fig. 3. Flow chart of the chemical looping setup.
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each methane pulse was determined by Eq. (1). All pulses were
integrated for a detailed carbon balance considering the mole
number for each compound as calculated by Eq. (2).

t ¼ mcat � Aspec
_V

gcat � m2

g � s
m3 ¼ s

m

h i

mcat ¼ amount of catalyst ðgÞ;
Aspec ¼ specific surface area of the catalyst ðm2=gÞ;
_V ¼ flow rate ðm3=sÞ

ð1Þ

ni ¼ Ai;peak½% � s� � _V � p
R � T ð2Þ

The carbon balance for each methane pulse was 0.88 in all
experiments or better. During the oxidation treatment of the cata-
lyst, after each methane pulse, no carbon oxides were detected.
This indicates that there is no carbon deposition on the catalyst
surface. All values for conversion (Eq. (3)), selectivity (Eq. (4))
and yield (Eq. (5)) were calculated from the mole number of the
detected compounds, derived from a carbon balance of the system.

XCH4 ¼
CH4;in � CH4;out

CH4;in
ð3Þ

SC2 ¼ 2 � C2H6 þ 2 � C2H4

2 � C2H6 þ 2 � C2H4 þ COþ CO2
ð4Þ

Y ¼ XCH4 � SC2 ð5Þ
The results of methane conversion, C2 selectivity and yield for

flowrate and temperature variation are shown in Fig. 4A–C. The
surfaces fitted to the data points are only supporting guidelines.



Fig. 4. Results of yield studies, 2 g catalyst, 15–50 nml/min, 700–800 �C, 1 ml CH4, A: conversion, B: C2 selectivity, C: C2 yield.

Fig. 5. Reaction scheme of the OCM [24–27].

Fig. 6. Early and late reactant and product peaks during continuous simulated
chemical looping, 775 �C, 25 nml/min, 2 g catalyst, pulse of 1 ml O2 or 1 ml CH4.
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Methane conversion varies from 0.15 to 0.8, while C2-selectivity is
between 0.25 and 1. The highest observed yield was 0.25 at 0.6 C2
selectivity and 0.42 methane conversion. During the experiments
CO is only observed at flow rates between 15 and 20 nml/min at
temperatures between 775 and 800 �C. The predominant deep
oxidation product is CO2.

A similar yield limitation was observed for this Na2WO4/Mn/
SiO2 catalyst in different other reactor systems, like fixed bed,
micro-, fluidized-bed or membrane reactors [20–23]. The absence
of gas phase oxygen during the methane pulse in chemical looping
experiments allows exclusion of any gas phase deep oxidation
reactions. We conclude that the still observed yield limitation is
caused by the competition of consecutive surface reactions at this
material. This can be explained by a recently proposed surface
reaction network, which is shown in Fig. 5 [24–27]. We assume
that the activation of methane is the rate determining step for
the formation of ethane, while ethene formation and deep oxida-
tion is much faster than this. In our yield studies we analyzed a
wide range for the methane conversion and C2 selectivities. The
results of this analysis showed a yield maximum of 0.25. The C2
selectivity is strongly controlled by ethene oxidation and methane
direct oxidation as can be seen in the reaction network in Fig. 5. We
assume that all reaction steps show first order behavior with
respect to the hydrocarbon. Therefore all reaction rates are
depending on the compound partial pressures and corresponding
rate constants. Increasing the methane conversion increases the
partial pressures of ethane and ethene, too. This has the conse-
quence that the deep oxidation rate of ethene becomes much faster
than the ethene formation rate. At lower methane conversions, the
ethene partial pressure is still low. Therefore the formation of deep
oxidation products is slow compared to the ethene formation rate.

As mentioned before, the direct oxidation of methane is also
possible on the catalyst surface. Lunsford and coworkers found that
the formation and coupling of methyl radicals leads to ethane for-
mation [7]. According to their studies, the formation of deep oxida-
tion products and methyl radicals involve two different oxygen
species on the catalyst surface. On the one hand there is nucle-
ophilic oxygen which forms carbon oxides. On the other hand there
is electrophilic oxygen which leads to methyl radical formation. It
has to be noted that these species also may interact with ethane
and ethene. Especially the interactions with ethene may lead for
both species to the formation of deep oxidation products [28].
These aspects imply that the oxygen species, which is stored on
the catalyst surface, contribute to the yield limitation, because
one selective route of methane activation competes with three
unselective ones.



Fig. 7. Observed X, S C2 and Y of continuous simulated chemical looping, 2 g catalyst, 1 ml methane pulse, 25 nml/min, A – 775 �C, B – 800 �C.

Table 1
Results from steady state experiments at different flow rates, 250 mg catalyst, 800 �C,
CH4: O2: He (3:1:4).

Flowrate (nml/min) X (CH4) X (O2) S C2 Y STY nmol(C2)/(s*gcat)

25 0.29 1.00 0.63 0.18 147
50 0.18 1.00 0.81 0.15 269

Table 2
Comparison between steady state experiment (800 �C, 25 & 50 nml/min, 250 mg
catalyst) and simulated chemical looping (2 g catalyst, 1 ml methane pulse).

Steady state
X (CH4) X (O2) S C2 Y
0.29 1.00 0.63 0.18
0.18 1.00 0.81 0.15

Chemical looping – equal methane conversion
X (CH4) T (�C) Flowrate (nml/min) S C2 Y
0.29 775 25 0.74 0.21
0.18 750 50 0.89 0.17

Chemical looping – equal C2 yield
X (CH4) T (�C) Flowrate (nml/min) S C2 Y
0.21 775 30 0.87 0.18
0.19 725 25 0.87 0.16
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3.2. Simulated chemical looping operation for 150 min

A detailed overview about reactant and product spectra at
775 �C is shown in Fig. 6 (25 nml/min, t = 2400 s/m). We observed
similar results at 800 �C. The first four peaks of all shown com-
pounds represent the initial state of the experiment while the last
four were observed after 150 min of operation. The formation of
ethane, ethene and carbon dioxide is simultaneous to the methane
pulse. Water is constantly removed by the oxygen pulse from the
catalyst surface. The increase of the water signal with time is
caused by accumulation of water in the detector of the mass
spectrometer.

The amount of formed ethane stays constant, as the amount of
ethene decreases slightly and carbon dioxide formation decreases
clearly. The results for methane conversion, C2 selectivity and yield
for both temperatures over the whole period of experiments are
presented in Fig. 7. At 775 �C (Fig. 7A) the initial C2 selectivity is
0.8 and increases to 0.85 as CO2 selectivity decreases. We observe
a small decrease in the methane conversion, which is caused by a
decrease of CO2 formation. That is a common effect for that catalyst
material in time on stream studies [29,30]. However, the C2 yield is
constant at 0.19. The increase of the water signal is based on
accumulation of that compound in the mass spectrometer. After
this test the temperature was immediately increased to 800 �C
and the experiment was continued for another 150 min. At
800 �C (Fig. 7B) the rates of carbon dioxide formation and methane
conversion increase, while C2 selectivity decreases. However, the
C2 yield increases to 0.21. The catalyst showed reasonable stability
during the whole experiment. The space time yield (STY) in our
experiments at 775 �C was 20 nmol(C2)/(s*gcat) and 23 nmol(C2)/
(s*gcat) at 800 �C, respectively. To get an idea about the potential
of this reactor concept for the OCM, a comparison with state of
the art techniques is necessary.
3.3. Comparison of steady state and simulated chemical looping
operation

The results of steady state experiments are shown in Table 1.
The characteristic residence time was 300 s/m for 25 nml/min
and 150 s/m for 50 nml/min. In all cases full oxygen conversion
was obtained. The methane conversion was between 0.18 and
0.29 and a C2 yield of 0.18 was obtained. These results are in good
agreement with the performance on a mini plant scale with a flu-
idized bed reactor with 50 g of catalyst [20]. Both experiments
operate at similar methane conversions compared to the men-
tioned chemical looping process, which allows good comparison
between both process concepts. Considering a much smaller char-
acteristic residence time under steady state conditions than in
chemical looping experiments, and full oxygen conversion, there
is a much higher reaction rate in steady state experiments. This
is also caused by much higher partial pressures of the reactants,
compared to the pulses in simulated chemical looping experi-
ments, where the carrier gas diluted the methane pulses. Conse-
quently the STY is much higher compared to our chemical
looping experiments as can be seen in the last column of Table 1.
The space time yield is one of the most critical parameters for
industrial application of a process. The large amount of carrier
gas (50 ml per 1 ml of methane) is required for these experiments
due to the dead volume of the reactor and the piping connecting it
to the analytical equipment. In an industrial scale reactor such vol-
umes are negligible in comparison to the catalyst bed and a carrier
gas can be avoided. This should increase the STY of the chemical
looping mode substantially. As demonstrated in our recent work,
the catalyst reoxidation rate is much faster and therefore much
shorter reoxidation times are needed compared to the OCM reac-
tion [31]. We demonstrated also that no temperature swing for
the oxidation step is required, as it can be seen from our continu-
ous operation experiments.

For a direct comparison of steady state and chemical looping
experiments, similar results for methane conversion should be
considered as presented in Table 2. On the one hand, a comparison
at the same methane conversion shows clearly that the simulated
chemical looping achieves higher C2 selectivities and therefore
higher yields.



Fig. 8. Scheme of the classic OCM process [32].

Fig. 9. Scheme of chemical looping of two fluidized bed reactors [32,35].

Fig. 10. Scheme of the chemical looping utilizing of fixed bed reactors.

652 V. Fleischer et al. / Chemical Engineering Journal 306 (2016) 646–654
The consequence of these results is that the chemical looping
process clearly produces less CO2. On the other hand, the chemical
looping process can be operated at lower methane conversion for
the same C2 yield due to the better selectivity. In both cases, the
chemical looping has a better performance and is able to save
raw material and energy for the product separation.
This becomes clear by a detailed discussion of the complete
OCM process design, which is shown in Figs. 8 and 9. In a classic
OCM process an air separation unit removes nitrogen, so that pure
oxygen and methane are fed into the reactor. This is required for
reducing the total equipment volume. Nitrogen in the feed would
increase the total volume and therefore the volume and energy



Fig. 11. Conversion/selectivity plot of Na2WO4/Mn/SiO2 catalysts in standard
steady state co-feed experiments (Literature, 775–850 �C, Feed: CH4:O2:Inert),
simulated countercurrent moving bed reactor (Y1Ba2Zr3O9.5 catalyst) [17], cofeed
experiments with addition of water [42], membrane fixed bed reactor [18] and
simulated chemical looping experiments (700–800 �C) [25,29,30,18,43–55]
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consumption of each separation unit would be much larger. Espe-
cially cryogenic distillation of methane and the C2 products are
very cost intensive separation steps [32]. A proposal for an OCM
process based on chemical looping is shown in Fig. 9. As mentioned
in the introduction, the state of the art for a chemical looping pro-
cess is a combination of two fluidized bed reactors. Successful
operation of the Na2WO4/Mn/SiO2 catalyst in fluidized bed reactors
was shown previously by several groups [32–34]. Therefore two
fluidized bed reactors could be utilized for catalyst oxidation and
OCM reaction. Based on the observed phenomena, air can be used
directly for oxidation and in the same step to remove the water
from the catalyst surface. The catalyst should be transported to
the OCM reactor with methane atmosphere. Product separation
is identical to the separation process shown in Fig. 8. Remembering
the better performance of the simulated chemical looping, less CO2

has to be removed and much more methane can be recycled,
saving costs of methane from fresh raw gas.

It has to be noted that the manganese oxide system of the
Na2WO4/Mn/SiO2 system is very complex due to different oxida-
tion states (Mn2O3, Mn3O4, MnO). Supported manganese oxides
on silica were studied by Stobbe and Coworkers [36]. They have
discussed the kinetic and thermodynamic properties qualitatively
and summarized that the oxidation rate of MnO to Mn3O4 is
faster than fromMn3O4 to Mn2O3 but the Mn2O3 species is thermo-
dynamically more favored. Furthermore that system provides the
lowest oxygen capacity from all known oxygen storing systems
[37].

A well-known problem of fluidized bed reactors is the com-
minution or abrasion of the catalyst particles [38–40]. An alterna-
tive chemical looping concept, utilizing fixed bed reactors, is
presented in Fig. 10. Four fixed bed reactors can operated with
alternating gas feed. Such a concept follows the idea which was
presented in Fig. 2. Assuming that all procedures in chemical loop-
ing operate on similar time scale, continuous operation is possible.
Such a concept was reviewed in detail by Kolios et al. [41]. The first
reactor can be oxidized by air, while water from the catalyst
surface is removed. In parallel, the second and fourth reactors are
purged. All of these reactors can be connected to an outgas line.
The third fixed bed reactor performs the OCM reaction and is
connected to the product line. After this step all feed gases are
changed to the next reactor in order to complete the chemical
looping process. The outlets of each reactor must be switched to
the according line. The separation process for the product line is
similar to that discussed above.
4. Conclusion

In our work we tested the Na2WO4/Mn/SiO2 catalyst material in
simulated chemical looping experiments. The advantage was that
the contributions of gas phase oxygen were avoided, by split of
the constant reactant gas feed into separated process steps. We
demonstrated that the nature of the oxygen species, which are
stored on the catalyst material, limits the C2 yield. We could
demonstrate that the material is stable in a continuous simulated
chemical looping experiment under OCM conditions. Finally we
compared our dynamic experiment with a standard steady state
one. We found that the chemical looping converts methane more
efficiently at methane conversions lower than 0.3. Further we pre-
sented a hypothetical application of a chemical looping process
and its advantages in comparison with the standard process. In
addition, our results are compared in a plot of methane conversion
and C2 selectivity with several published results for Na2WO4/Mn/
SiO2 catalysts in Fig. 11. On the one hand, methane conversions
higher than 0.5 were not possible to realize in standard fixed bed
reactors because of the explosive regime of OCM reaction mixtures.
On the other hand the chemical looping process concept provides
higher C2 selectivities at methane conversions below 0.25. Fur-
thermore non-standard reactor concepts have shown similar per-
formance improvements which are also presented in Fig. 11. A
simulated countercurrent moving bed reactor shows promising
C2 yields by separation of C2 products and recycling of uncon-
verted methane [17]. Another example for improved performance
is a membrane fixed bed reactor with dosing of defined amounts
of oxygen to the catalyst bed through a porous membrane [18].
Another option is the modification of the co feed stream by addi-
tion of water [42]. In conclusion, it can be seen that new reactor
concepts enhance the overall performance of OCM processes.
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1. Experimental – Mass spectrometer 
The calibrated m/e ratios for all compounds in mass spectroscopy (QMS, IPI GAM 200) are presented 

in Table 1.  

Table 1 - Calibrated m/e ratios for compound detection in chemical looping experiments 

Molecule m/e 

CO2 44 

CO 28 

He 4 

H2 2 

H2O 18; 17 

CH4 16; 15 

C2H6 30; 29; 28 

C2H4 28;27;26 

O2 32 

 

2. Experimental – Pneumatic six-port diaphragm valves 
A flowchart is presented in Figure 1. A reactant flows in by an inlet, passes through a sample loop and 

flows to the outlet. In parallel to this, a purge gas flows to the reactor from a second inlet (Figure 1 

A). A pneumatic impulse from a solenoid valve switches the connectors to the second position 

(Figure 1 B). The reactant in the sample loop is conveyed by the purge gas to the reactor, while the 

reactant from the supply port goes directly to the outlet. The connectors switch back by pressure 

release. The pneumatic impulse can be controlled by a solenoid valve, which is connected to a 6 bar 

nitrogen supply line. There is a remote control connection from a computer followed by a transducer 

to the solenoid for precise realization of time controlled pulses. The sample loop (Vicci Valco CSL250, 

CSL500, CSL1K, CSL2K) can be varied in its volume from 250 µl up to 2 ml for different amounts of 

pulsed reactants. 



 

Figure 1 - Schematic function of a 6-port pulse valve, A: storage loop is filled by reactant, while purge gas goes to the 

reactor, B: purge gas transports the reactant to the reactor 

3. Experimental – Fixed bed reactor 
The catalyst bed is placed on a quartz frit (200 µm pore size). The reactor inner diameter has a size of 

9 mm. The type K thermocouple (NiCrNi) is covered by a quartz-made sheath (din = 4 mm), which 

also seals the reactor at the top. The fixed bed reactor for chemical looping experiments is presented 

in Figure 2. The reactants are fed through the upper entrance. The bottom part of the reactor is 

reduced in diameter and is connected to the analytical system. The isothermal zone is above the frit 

and has a height of around 5 cm. 



 

Figure 2 - Detailed scheme of the fixed bed reactor. 
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5.1 Abstract 
A series of Na2WO4/Mn/SiO2 catalysts supported on mesoporous silica were prepared and tested for 

the oxidative coupling of methane in chemical looping experiments. The parameter variations were 

done for specific surface area, Mn-loading and support material. Chemical looping experiments reveal 

that highest catalytic activity is observed at 2 wt-% Mn and 5 wt-% Na2WO4 on mesoporous silica. 

Repetitive methane pulse experiments allowed us to determine the oxygen uptake of the 

Na2WO4/Mn/SiO2 catalyst in chemical looping experiments. We found a correlation between oxygen 

storage capacity and manganese loading. Furthermore we observed that ethylene formation is 

independent from the catalyst material in chemical looping conditions.  

5.2 Introduction 
The mainly utilized process for ethylene production is the steam cracking process, which has naptha 

as feedstock. In the last decade the shale gas production came up as an alternative process to 

provide natural gas from shale formations. Such gas contains different amounts of ethane, methane 

and propane. [1–3] However, the major compound of shale gas, bio gas and raw gas is still methane 

which is typically used for heat generation or energy production.[4–6]  The oxidative coupling of 

methane (OCM) is an alternative process to produce ethane and ethylene from methane. This process 

utilizes the mentioned ressources as an additional feedstock for the formation of C2 compounds. A 

suitable catalyst material for this process is Na2WO4/Mn/SiO2 which was presented by Fang and 

Coworkers. [7] This material shows stability at high performance conditions for several 100 hours. [8,9] 

However, it was reported that the performance of the OCM reaction in various reactor concepts 

showed an apparent C2 yield maximum of about 0.25. [10–12] To overcome this limitation, it is 



 

 
 

necessary to understand the mechanism of the OCM and the functionality of this complex catalyst 

material. 

For a better comprehension of this catalyst material many groups carried out compound variations. 

Palermo et al. found that the phase transition of the support material from quartz to α-cristobalit is a 

fundamental step for a high performance catalyst. Furthermore they could show that sodium ions are 

the inducers for this transition. [13] To understand the role of sodium in more detail it was exchanged 

against Lithium, Potassium and Cesium. [14] It was found that the Na2WO4/Mn film on the support 

material offers a high structural flexibility during the OCM process, which plays a major role. Such 

flexible structure allows undergoing the key transition state of methyl radical formation by hydrogen 

abstraction. The authors suggested that the alkali ion is the key compound which is responsible for 

such flexibility, which means a kind of amorphous phase on the catalyst surface. A variation of 

tungsten oxide loading was studied by Mahmoodi and Coworkers. [15] They found a relation between 

the formation of micro crystals on the catalyst surface and C2 selectivity. This was studied by 

exchanging the tungsten ion by molybdenum, niobium, chromium or vanadium. The smaller the ion 

radius of the transition metal ion is the lower is the degree of crystallinity. Therefore the vanadia 

containing catalyst showed the lowest and the tungstate loaded catalyst the highest C2 selectivity in 

this constellation. The group of Mortazavi performed catalytic tests by exchanging the manganese ion 

by other transient metal oxides in their catalysts. [16] They found that this compound is responsible for 

the redox potential of the catalyst material. Tuning of this potential has a tremendous influence on C2 

selectivity and methane conversion. A variation of the support material was shown by Yildiz and 

Coworkers. [17] They could show that the silica supported catalyst has the best long-time stability and 

showed the highest performance in catalytic tests. In another study they studied different silica support 

materials and found that mesoporous structured silica catalyst had the highest performance. 

[18]Sadjadi et al found that well dispersed active compounds will agglomerate under OCM conditions. 

[19] Furthermore they observed that the sodium ion is responsible for the formation of an amorphous 

phase of the active compounds on the catalyst surface, which is in good agreement with the results of 

the Lambert group. [13] It was reported that the inexpensive analogoue of SBA-15, COK-12 , showed 

also good catalytic performance, which is important for industrial application. [20]   

From the mechanistic point of view, different oxygen species on the catalyst surface seem to 

contribute to the OCM reaction. On the one hand there is nucleophilic oxygen, which is involved in 

deep oxidation reactions. On the other hand there is electrophilic oxygen, which is responsible for 

hydrogen abstraction reactions. The role of both species for several hydrocarbon oxidation reactions 

was reviewed by Morooka. [21] The Wang group carried out detailed XPS and Raman spectroscopy 

studies to understand the role of activation process, which is focused on a tungsten oxide species. 

[22] EPR studies by Jiang et al. indicate that the manganese ion changes its oxidation state from +III 

to +II in dynamic experiments. [23] They concluded that manganese is reduced in an electron transfer 

from C-H bond cleavage induced by tungsten oxide. The reduction of manganese oxide was also 

reported by other groups. [19,24] They reported a formation of MnWO4. Beck et al. found in temporal 

analysis of products (TAP) experiments on the Na2WO4/Mn/SiO2 catalyst that two different oxygen 

species are responsible for methane activation during steady state conditions. [25] They found that a 



 

 
 

strongly bound oxygen species is responsible for selective methane activation, while weakly bound 

oxygen leads to deep oxidation products.  

In our previous work we investigated the catalyst material by temperature programmed and dynamic 

experiments [26]. Such experiments revealed that also lattice oxygen seems to be involved in the 

OCM process on the Na2WO4/Mn/SiO2 material. In addition our results indicated that several oxygen 

species are stored on the catalyst material even in dynamic experiments. In another work we could 

show that the involvement of lattice oxygen can be interpreted as oxygen storage function.  [27] That 

functionality was successfully adapted for a chemical looping process. Such reactor concept allows to 

separate parallel reaction steps in steady state operation into catalyst reduction by methane 

conversion and catalyst reoxidation in a consecutive step. This has the advantage that gas phase 

reactions induced by gas phase oxygen are excluded. In chemical looping processes, one of the most 

important parameters is the oxygen storage capacity. [28] The redox system of Mn(II)/Mn(III) is 

already known as an attractive oxygen storage system in chemical looping combustion. [29] 

In this work we want to study the oxygen storage functionality and its mechanistic aspects for COK-12 

supported Na2WO4/Mn/SiO2 catalysts in chemical looping experiments. Furthermore, a non-

mesoporous silica supported will be compared. It has to be noted, that the Na2WO4/Mn/SiO2 material 

acts as oxygen storage material and as catalyst material, simultaneously. An additional feature in 

simulated chemical looping experiments is the repetitive pulsing of a reactant. Such experiments will 

give new insights with respect to the involvement of lattice oxygen in the OCM surface reaction 

mechanism on the Na2WO4/Mn/SiO2 catalyst. 

5.3 Experimental 

5.3.1 Catalyst Preparation 
The preparation of Na2WO4/Mn/SiO2 materials supported on COK-12 follows the procedure described 

in. [20] The Mn amount was varied from 0 to 4 wt%. In addition, catalysts with a variation in surface 

area were prepared by varying the annealing temperature between 750°C and 850 °C. The COK-12 

catalyst were taken as powders and not pelletized. The reference catalyst, supported on silica gel, was 

prepared similar to the method described by Simon et al. [30] The final reference catalyst, had a 

composition of 5 wt.-% Na2WO4 and 2 wt.-% Mn(II) and a specific surface area of 1.86 m²/g. The 

particle size of the SiO2 support material (Davisil 636, Sigma Aldrich) was 150 -350 µm.  

5.3.2 Catalyst characterization  
All samples were heated up to 150 °C for 24 h before nitrogen adsorption experiments were 

performed. The experiment was carried out in an Autosorb (Quantachrome, FL, USA) at 77K. The 

range of P/P0 was varied from 0.05 to 0.25. 

ICP measurements were carried out in a HoribaScientific inductively coupled plasma spectrometer 

model Ultima2, to determine the content of Na, Mn and W.  



 

 
 

The X-ray powder diffraction was done in a Philips X-ray diffractometer utilizing a Bragg–Brentano 

geometry with Cu-Kα radiation (λ=0.1542 nm). The angle range of 2θ was 10° to 90° with step time of 

0.3 s. The change of angle per step was 0,008°. 

5.3.3 Catalytic performance test 

5.3.3.1 Single pulse experiments 

A detailed description of the chemical looping setup was presented elsewhere. [27] All catalysts were 

tested at 700 - 800 °C. The absolute flowrate of the gases was 20 or 30 nml/min and the dosed 

amount of methane was 1 ml for each pulse. For the variation of the specific surface area, 600 mg 

catalyst for each test was used. The catalyst amount for the manganese and support material variation 

was 1 g.  

The fresh catalyst was heated up at 10 K/min under a flow rate of 30 nml/min O2:He (1:9). When 

reaching the reaction temperature, the reactor was purged by a flow of He (30 nml/min) until  oxygen 

partial pressure reached baseline level. The detection of the methane pulse was carried out by a 

quadrupole mass spectrometer (QMS, IPI GAM 200). The detailed calibration method was described 

in our previous work. [26] According to equations (46)-(49) methane conversion, C2 selectivity and C2 

yield for each methane pulse were calculated and the carbon balance had accuracy between 89-99%. 

 ni =
Ai,peak[% ⋅ s] ⋅ V̇ ⋅ p

R ⋅ T
 

 
(46) 

 XCH4 =
𝐶𝐶𝐻𝐻4,𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐻𝐻4,𝑜𝑜𝑜𝑜𝑜𝑜

𝐶𝐶𝐻𝐻4,𝑖𝑖𝑖𝑖
 

 

(47) 

 SC2 =
2 ⋅ 𝐶𝐶2𝐻𝐻6 + 2 ⋅ 𝐶𝐶2𝐻𝐻4

2 ⋅ 𝐶𝐶2𝐻𝐻6 + 2 ⋅ 𝐶𝐶2𝐻𝐻4 + 𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶2
 

 

(48) 

 Y = XCH4 ⋅ 𝑆𝑆𝐶𝐶2 (49) 

 

This error is caused by the method of the mass spectrometer. The calibration of methane, ethane, 

ethane, CO and CO2 shows several overlapping masses for these compounds. Therefore the 

detection interval for the feed composition was 5 s, each. This value was a compromise between 

accuracy of compound detection and resolution of pulse signal. 

5.3.3.2 Repetitive pulse experiments 

Repetitive methane pulse experiments with 1 ml pulses were carried out at 775 °C and a He flow rate 

of 30 nml/min for each catalyst material. The delay between the methane pulses was chosen that each 

methane pulse was fully separated from the following one. The experiment was stopped when no 

methane conversion was detected anymore, which was between 15 – 25 methane pulses. 

Oxygen balances were calculated in two different ways. On the one hand we calculated a methane 

based oxygen balance. All detected products are based on methane molecules which were oxidized. 



 

 
 

We assume that all oxygen is finally converted to water or CO2 molecules. Therefore a specific 

amount of oxygen atoms (O*) for each product can be calculated as presented in Table 9.  

  



 

 
 

 

Table 9 - Chemical reactions for a methane based oxygen balance 

No. Reaction 

1 CH4 + 4 O ∗ →  CO2 + 2 H2O 

2 2 CH4 +  O ∗ →  C2H6 +  H2O 

3 2 CH4 +  2 O ∗ →  C2H4 +  2 H2O 

4 CH4 +  3 O ∗ →  CO +  2 H2O 

 

On the other hand we determined a molecule specific oxygen balance. The assumed surface reaction 

network for all catalysts in this study is presented in Figure 30. This network is based on observations 

in our previous work. [26] In each reaction step a certain number of oxygen atoms is consumed to 

form a new molecule. Thus, the number of oxygen atoms were distinguished for each reaction (OC2H6, 

OC2H4, OCO2) and the consecutive routes were considered, too. For instance, for each ethene molecule 

one OC2H6 and one OC2H4 were converted to water. For all reaction steps we assume a second order 

behavior. Furthermore we assume that the activity of the oxygen species on the catalyst surface is not 

limited by mass transport effects. One limitation of this calculation is the ratio of k3/k4. Lunsford and 

Coworkers carried out isotope labeling experiments with C13
2H4. [31,32] They found that the ratio of 

k3/k4 is between 2 and 7 at different reaction conditions. Therefore both ratios were considered. The 

detailed calculations and simulation methods are presented in the supporting information. 

 

Figure 30 - Surface reaction network of the Na2WO4/Mn/SiO2 catalyst to determine a molecule 
specific oxygen balance 

 

5.3.4 Simulation in Chemkin 
To simulate a pulse experiment in Reaction Design Chemkin we choose a 0-D Batch reactor model, 

because of the fact that both reactor concepts are non-continuous. All model parameters are listed in 

Table 10. The corresponding reactor volume was defined as the free gas space in the fixed bed. The 

residence time was derived from the methane pulse width and the initial mole fraction of methane as 

mean amplitude of the methane pulse. The specific surface area corresponds to 0.6 g catalyst with a 

specific surface area of 5 m²/g. 



 

 
 

Table 10 - Model parameter of Chemkin simulation  

Parameter Value for simulation 

Reactor volume (cm³) 3 

Residence time (s) 55 

Spezific surface area (m²/g) 3 

Temperature (°C) 775 

Pressure (bar) 1 

Initial molefraction CH4, rest is N2 0.05 

 

One well-known model for the gas phase reaction network involved in OCM is the Dooley mechanism. 

[33] It considers 1582 reactions, 269 species and showed adequate simulation results for profile fixed 

bed reactor. [34] It must be considered that such a micro kinetic network for gas phase reactions is 

strongly influenced by a micro kinetic surface reaction model. Therefore only well-tested micro kinetic 

models for the surface reaction can derive adequate simulation results. Because of lack in such a 

model for the Na2WO4/Mn/SiO2 catalyst we approximate it by a formal kinetic model. One of the latest 

models was published by Daneshpayeh and Coworkers, which showed adequate agreement with their 

experimental results. [11,35] One of the major issues of their network is the poor prediction of methane 

conversions higher than 0.1. Furthermore, their network contains gas phase and surface reactions in a 

homogenous model. Therefore we choose only parameters for methane activation in a selective and 

unselective route, similar to our recent work. [36] Lunsford and Coworkers found that the methane 

activation and ethane formation is dependent on methyl radical formation and coupling. [37] 

Furthermore it is widely accepted in micro kinetic models that the unselective reaction route for 

methane on the catalyst surface proceeds via a CH3O⋅ species. [38–42] Therefore both reactions were 

implemented as surface reactions. The pre-exponential factor koo of Daneshpayeh et al. was adapted 

with respect to catalyst amount and specific surface area. As thermodynamic data for all species on 

the catalyst surface dummy values of 0 were set, which is an adequate method if thermodynamic data 

for such species are not available. The final surface reaction model is presented in Table 11. The 

number of active sites for this material was set to 1/nm². This results from the fact that transition metal 

oxides, which are supported on silica, have monolayer coverage between 0.1 – 1 atom per square 

nanometer. [43]  

Table 11 - Micro kinetic reaction routes on the catalyst surface and their parameters [11,35] 

Reaction koo (1/s) Ea (kJ/mol) 

CH4 + O*electrophile => CH3⋅ + OH* 44.100 212.60 

CH4 + O2*nucleophile => CH3O⋅ + OH* 0.614 98.54 

5.4 Results and Discussion 

5.4.1 Results of catalyst characterization  



 

 
 

The results of the catalyst characterization are presented in Table 12. At low manganese loadings 

higher specific surface areas (SSA) can be observed. ICP-OES results show clearly that manganese 

loading was successfully varied form 0 to 4 wt%, while the respective other compound loadings are 

approximately constant. XRD patterns for the fresh catalyst materials showed that similar crystal 

species can be found. The main phases of the catalyst are cristobalit and Na2WO4 crystal structures. 

XRD patterns indicate Mn2O3 might be also explained as braunite (MnMn6SiO12) phase, since patterns 

of Mn2O3 and MnMn6SiO12 are very similar and overlap. The catalyst with 0.04 w-% Mn showed no 

manganese oxide reflexes in XRD. The variation of the specific surface area for the Na2WO4/Mn/SiO2 

catalyst show similar compound loadings in ICP-OES and crystal structures in XRD analysis. This is 

important for a comparison of this parameter and indicates that only effects by the specific surface 

area during catalytic test are observed. The shrinkage of the SSA is mainly caused by impregnation 

with Na2WO4 and Mn and the calcination pretreatment, which induces the phase change of the 

support material. Due to the fact of cristobalit formation the ordered mesoporous structure of the COK-

12 support material vanishes. 

 

 

Table 12 - Analytic results of Na2WO4/Mn/SiO2 catalysts, P: fresh, S: spend 

Variation  Parameter 
BET 
SSA 

(m²/g) 

XRD 
Main 

phase 

XRD Side 
phases 

W (w-%) Mn (w-%) 
Na (w-

%) 

Mn 
(COK-12) 

0.02 w-% 
P: 5.0 

S: 3.7 
Cristobalit Na2WO4; (SiO2) 2.33 0.04 0.7 

1.00 w-% 
P: 3.1 

S: 2.6 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite; 

Quartz 
2.18 1.02 0.71 

1.90 w-% 
P: 2.6 

S: 2.6 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite; 

Quartz 
1.85 1.58 0.66 

2.80 w-% 
P: 2.8 

S: 2.6 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite; 

Quartz 
2.31 2.48 0.65 

3.70 w-% 
P: 3.1 

S: 1.1 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite; 

(SiO2) 
3.53 4.07 0.88 

Aspec 

(COK-12) 

 
P: 4.2 

S: 3.9 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite 
3.26 1.92 0.89 

 
P: 3.2 

S: 3.0 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite 
3.26 1.91 0.89 



 

 
 

 
P: 2.6 

S: 2.4 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite 
3.16 2.01 0.84 

 
P: 2.3 

S: 2.1 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite 
3.02 1.96 0.83 

Ref. 
(quartz) 

 
P: 1.9 

S: 1.7 
Cristobalit 

Na2WO4; 

Mn2O3/Braunite 
2.57 1.77 0.62 

 

5.4.2 Catalytic tests with different specific surface areas on Na2WO4/Mn/SiO2 catalysts 
It has to be noted, that an increase of the SSA keeping the same weight loadings of the catalyst 

compounds, leads to a decrease the surface concentration. The results for our chemical looping 

experiments with the SSA variation at constant weight loadings are presented in Figure 31. An 

increase of the SSA leads to a linear increase of methane conversion, while a decrease of C2 

selectivity can be observed. These results are consistent for different residence times and different 

temperatures. When the catalyst with the highest SSA was tested opposite trends for methane 

conversion and C2 selectivity was observed. BET surface results indicate, that no mesoporous 

structure can be observed. Calculation of the Weisz-Prater criteria revealed that mass transport 

limitation can be excluded. [44] In addition ICP measurements showed that the composition of each 

material has no significant deviation.  

 

Figure 31 – Results of chemical looping experiments on Na2WO4 (5 wt-%)/Mn (2 wt-%)/SiO2 
catalysts at different specific surface areas and temperatures, 0.6 g catalyst, A – C: methane 
conversion, C2 selectivity and C2 Yield at 20 nml/min D – F: methane conversion, C2 selectivity 
and C2 Yield at 30 nml/min, 1 ml CH4 pulse 

In steady state experiments Yildiz et al. showed, that the increase of the SSA raises the catalytic 

performance. [18] This is caused by more accessible active sites per gram of catalyst. Furthermore a 

better distribution of the active components on the catalyst surface was reported.  



 

 
 

Such activity enhancement was also observed in our simulated chemical looping experiments, but the 

decline of activity at high SSA indicates that this effect is limited and an optimal surface loading of the 

catalyst compounds was exceeded. A theoretical film thickness (d) of the active catalyst materials was 

derived according to equation (38), where the density of the catalyst compounds was assumed to be 

similar to the bulk material ones.  

 d =
m(Na2𝑊𝑊𝐶𝐶4)

𝜌𝜌(Na2𝑊𝑊𝐶𝐶4) ⋅ 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠𝑐𝑐𝑜𝑜,𝑃𝑃
+

m(Mn(II))
𝜌𝜌(Mn2𝐶𝐶3) ⋅ 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠𝑐𝑐𝑜𝑜,𝑃𝑃

 (50) 

 

The results of film thickness and surface concentrations are presented in Table 13. The theoretical 

number of layers (# Layers) was derived according to equation (39). We assumed a constant bond 

length L(W-O) and L(Mn-O) of 0.1925 nm and 0.1984 nm. [45] 

 # Layer =
d(Na2WO4)

L(W − O) + 
d(Mn2𝐶𝐶3)
L(Mn − O) (51) 

 

Calculations of the compound loadings at the highest catalytic activity gives 68 Mn(II)/nm² and 32 

W(VI)/nm². The reference catalyst material, which will be compared later, has 115 Mn(II)/nm² and 54 

W(VI)/nm², which is much higher.   



 

 
 

Table 13 - Calculated theoretical film thickness and surface concentrations of Na2WO4 and Mn 

 Aspec 

(m²/g) 

d(Na2WO4) 

(nm) 

d(Mn2O3)(

nm) 

d 

(nm) 
# Layer W(VI)/nm² Mn(II)/nm² 

Aspec 

 (COK-
12) 

2,3 5,2 1,9 7,1 36,0 44,6 95,2 

2,6 4,6 1,7 6,3 31,8 39,4 84,2 

3,2 3,7 1,4 5,1 25,8 32,0 68,4 

4,2 2,8 1,1 3,9 19,7 24,4 52,1 

Mn 

 (COK-
12) 

5,0 2,4 0,0 2,4 12,1 20,5 0,4 

3,1 3,9 0,7 4,6 23,1 33,1 35,3 

2,6 4,6 1,6 6,2 31,4 39,4 80,0 

2,8 4,3 2,2 6,5 32,7 36,6 109,5 

3,1 3,9 2,7 6,5 32,8 33,1 130,7 

Ref. 
(quartz) 

1,9 6,3 2,3 8,6 43,5 53,9 115,3 

 

Stobbe and Coworkers studied the reduction and oxidation behavior of supported manganese oxides 

on silica by temperature programmed experiments. [46] They found in methane oxidation experiments 

that catalytic performance depends on the degree of manganese oxide crystallinity. An additional 

dependence was reported for the oxidation state. The crystallinity is strongly dependent on 

manganese distribution on the catalyst surface. The more manganese oxide is deposited per surface 

area unit, the higher is the degree of crystallinity. [47] The oxidation state of manganese oxide 

depends also on dispersion. This was found in Raman spectroscopy studies by Buciuman et al. [48] At 

low manganese loadings Mn2O3 is predominant, while at higher loadings Mn3O4 is formed. At OCM 

reaction conditions both manganese oxide species are equally favored. [46] The transition 

temperature between these two species is 1100 K. In temperature programmed experiments it was 

observed that manganese oxides are reduced quantitatively to MnO by methane, but Mn2O3 is 

reduced at lower temperature as Mn3O4. Therefore both species should be active on the 

Na2WO4/Mn/SiO2 catalyst for OCM reactivity. It was reported that also Na2WO4 without Mn2O3 

supported on silica shows good performance in co-feed steady state OCM studies. [13,16] A similar 

relation between crystallinity and catalytic activity of such catalysts was reported, too. [49] Therefore, 

the catalytic activity is sensitive for the degree of crystallinity of both compounds. Increasing of the 

specific surface area at constant weight loadings of both compounds will lead to higher dispersion.  

In our experiments the surface concentration of Na2WO4 and Mn decreases with increasing the SSA, 

as mentioned before. Therefore the degree of crystallinity declines and the activity of the catalyst 

compounds should be higher, but unfortunately the oxidation states of the catalyst compounds can 

also be changed under reaction conditions. Such change in the oxidation state would explain the 

results of temperature programmed desorption experiments of O2. [9,50] 



 

 
 

The results of our repetitive pulse experiments are shown in Figure 32 A-C. After six consecutive 

methane pulses, the methane conversion is more or less constant for each catalyst material. The C2 

selectivities for each material were between 0.8 - 0.9, but decreases with each additional methane 

pulse. The decrease of the C2 yield is primary affected by decrease of methane conversion. The 

results of the methane based oxygen balances, summarized for all 15 methane pulses for each 

catalyst in total, are presented in Figure 32 – D. Ethane and Ethene formation show only minor 

changes for the variation of the specific surface area. CO2 formation correlates with our findings during 

chemical looping experiments. The more methane is converted the more CO2 is formed. In Figure 32 - 

E the molecule specific oxygen balance is presented for k3/k4 = 7, while Figure 32 - F shows the 

results for k3/k4 = 2. The more oxygen is stored and converted the more oxygen is consumed by CO2 

formation. This is reflected by an increase of OCO2 and decrease of OC2H6. Only a small change for all 

oxygen ratios can be observed, when the value of k3/k4 is changed to seven. This is caused by high 

C2 selectivity of 0.8 - 0.9. Interestingly the ratio of OC2H4 is more or less constant in both cases.  

The most active catalyst material in this set of experiments (SSA = 3.2 m²/g) stores also the highest 

amount of oxygen. Such effect can be explained by the degree of crystallinity and the film thickness of 

the active compounds. For low SSA the film thickness of active compounds is high. [46] Furthermore 

the amount of stored oxygen must correlate with the amount of Mn or Na2WO4. A thick film of the 

active compounds would store most of the oxygen in the lattice, which is heavily accessible for the 

methane pulse. As consequence the ratio of Osurface/Obulk is low. Therefore activity and storage 

capacity could be lower for that material. A decrease of the film thickness would mean that less 

oxygen is stored in the bulk and the ratio of Osurface/Obulk increases. Thus, more oxygen could be 

accessible on the catalyst surface and both properties, activity and storage capacity, increase. Further 

decrease of the film thickness may have a strong impact on the oxidation state of Mn. Wang et al. 

prepared a series of Na2WO4/Mn/SiO2 catalysts, which had different particle sizes of manganese 

oxide. [9] They found in O2-temperature programmed desorption experiments, that small manganese 

oxide crystal sizes release oxygen at lower temperatures into the gas phase. That means that the 

oxygen is less stable bound and could be easily released into the gas phase during the experiment or 

the manganese oxide could not reach a fully oxidized state to Mn(III), forming Mn3O4 instead. 

Therefore the catalyst material could be also reduced under reaction conditions in absence of gas 

phase oxygen, which may occur at very thin films of the active compounds. Another point is that the 

activity of the Na2WO4/Mn/SiO2 catalyst material depends drastically on the structural flexibility of the 

Na2WO4/Mn phase. [51,52] If the film thickness decreases, the structural flexibility should decrease, 

because less amounts of the Na2WO4 and Mn are available per surface area unit and the interaction 

with the support material increases. Thus, the active phase may interact stronger with the support 

material and the ability to form a flexible structure of Na2WO4/Mn decreases. Therefore the activity 

may decrease, too. 



 

 
 

 

Figure 32 - Results of repetitive methane pulse experiments on Na2WO4 (5 wt-%)/Mn (2 wt-
%)/SiO2 at different specific surface areas, 30 nml/min, 775 °C, 0.6 g catalyst; A-C: methane 
conversion, selectivity and C2 yield for each pulse; D: oxygen balance (methane based), E: 
oxygen balance (molecule specific, k3/k4 = 7), F: oxygen balance (molecule specific, k3/k4 =2) 

5.4.3 Catalytic tests with different Manganese loadings on Na2WO4/Mn/SiO2 catalysts 
In Figure 33 the results of the manganese loading variation are presented. For each residence time we 

observe also a maximum for methane conversion at a certain manganese loading. On increasing of 

the manganese loading the methane conversion increases drastically. At 2-wt % the highest methane 

conversion is observed. A further increase of the manganese loading decreases the catalyst activity 

again. The vice versa trend was observed for the C2 selectivity. A maximum of 0.25 C2 yield was 

observed. As mentioned in the last section, the catalytic activity of the catalyst compounds depends on 

their crystallinity and oxidation state. An increase of manganese loading leads to higher crystallinity 

and different oxidation states are possible which results in higher methane conversion. Loadings 

higher than 2-wt % may shift manganese oxide species from Mn2O3 to Mn3O4. Such effect are 

observed at higher loadings (10-20 wt-% Mn) by XRD and for loadings in the range of 3-10 wt-% by 

XANES and EXAFS for manganese oxides supported on silica. At loadings below 10 wt-% of Mn, XRD 

cannot detect the Mn3O4 formation. [53] Investigation of the catalyst material by in-situ XRD studies 

showed MnWO4 formation under OCM reaction conditions. [54] Therefore it would be possible that 

MnO*WO3 instead of Mn3O4 is formed. For our catalyst with low manganese oxide loadings, the film 

on the catalyst surface is thin and an increase of the manganese loading must also increase the film 

thickness (Table 13). Therefore the coupled effect of oxidation state and film thickness is also relevant 

in this series of experiments. 



 

 
 

Our findings about the catalytic activities are in good agreement with the results of the group of 

Mortazavi, which were presented in the introduction. [14] Koirala et al. found similar results for 

methane conversion and C2 selectivity at such manganese loadings in their co-feed steady state 

experiments. Exceeding a loading of 2 wt.-% Mn methane conversion and C2 selectivity are not 

changing anymore. [55] Ji et al. found similar results to ours in steady state experiments. [56] Further, 

they found in Raman analyses that the Manganese surface concentration influences the binding 

situation of tetrahedrally bound WO4. The typical wavelength for W-O on Na2WO4/Mn/SiO2 catalysts is 

910 cm-1. At higher loadings an additional Raman band occurs at 948 cm-1 and the intensity of the 

band signal at 910 cm-1 decreases. In their XRD results they found at higher Mn loadings that parallel 

to Mn2O3 MnMn6O12 is formed. Such an effect is in good agreement with our working hypothesis.  

 

Figure 33 - Results of chemical looping experiments on Na2WO4 (5 wt-%)/Mn (var. wt-%)/SiO2 
catalysts at different Mn loadings and temperatures, 1 g catalyst, 1 ml CH4 pulse A – C: 
methane conversion, C2 selectivity and C2 Yield at 20 nml/min D – F: methane conversion, C2 
selectivity and C2 Yield at 30 nml/min, 1 ml CH4 pulse 

The results of our repetitive methane pulse experiments for different loadings of Mn are shown in 

Figure 34. At 0.02 wt-% manganese loading, we cannot observe significant methane conversion. 

However, it is found that alkaline metal doped tungstate supported on silica shows substantial OCM 

activity in co-feed steady state experiments. [16,57] The more manganese is loaded the more 

methane pulses were necessary to reach non catalytic activity in repetitive pulse experiments. The 

catalyst containing 4 wt-% Mn shows even after 15 methane pulses OCM activity at 0.1 methane 

conversion and 0.9 C2 selectivity. This catalyst also shows the highest C2 yield for each methane 

pulse. Calculation of the converted oxygen amounts showed that the highest CO2 formation is 

observed for a molar ration of W:Mn (1:2), which is the classical composition (5 wt-% Na2WO4, 2 wt-% 

Mn) for this material. This is illustrated in Figure 34 D.  

The molecule specific oxygen balances, presented in Figure 34 E & F, indicate similar results as 

presented in the last section. For OC2H4 we observe a constant ratio at different converted oxygen 



 

 
 

amounts, while OC2H6 is high at low oxygen conversion. An increase of the totally converted amount of 

oxygen shows a drastic increase of OCO2. The catalyst containing 4 wt-% manganese loadings shows 

catalytic performance until 25 methane pulses were dosed, which is not presented. The total amount 

of converted oxygen was at least 105 µmole/gcat. We conclude that ethene formation is nor dependent 

on the compound concentration of the catalyst material, neither on the manganese loading. Thus, 

ethene seems to be formed in gas phase, preferably. Due to the fact that only traces of hydrogen were 

observed, we assume that this reactant was converted by the catalyst material to water, similar as in 

temperature programmed reduction experiments with H2. [23,58] 

In order to explain our findings, a switch of the oxidation state of MnXOY or Na2WO4 is necessary. It 

has to be noted that Na2WO4 can switch the oxidation state between W+6 to W+5, according to the 

findings of Jiang et al. [59] Due to the fact, that the Na2WO4/SiO2 catalyst shows only very low activity 

in our repetitive pulse experiments, but high C2 selectivity we assume that the switch in the oxidation 

state of the tungstate would not explain our finding. If Na2WO4 would be responsible for the oxygen 

storage capacity, the stored amount of oxygen would not differ by a factor of five. 

Therefore the oxidation potential and oxygen storage function in chemical looping experiments seems 

to depend on the manganese loadings. Unfortunately, we were not able to detect phases of 

Mn(II)oxide in our XRD-studies of the spend catalysts. It would be possible, that the formed crystal 

sizes were to small for reflexes in XRD studies of the spend catalysts or small amounts of oxygen 

reached the catalyst bed during sample export from the reactor.  

However, our hypothesis is supported by the findings of Jiang et al. in EPR spectroscopy studies. [23] 

They found in dynamic experiments that tungsten oxide has no change in the oxidation state but 

manganese oxide has. They predicted an electron transfer from C-H bond cleavage by tungsten oxide 

as active center, while the electron is transferred to the manganese ion. Similar effects of supported 

manganese oxide catalysts in the OCM were also observed by Jones et al. [60] They tested Mn/SiO2 

catalysts with a variation of the manganese loading in dynamic experiments. Salehoun and Coworkers 

were able to observe the formation of MnWO4 after dynamic experiments by XRD. [24] 



 

 
 

 

Figure 34 - Results of repetitive methane pulse experiments on Na2WO4 (5 wt-%)/Mn (var. wt-
%)/SiO2 at different manganese loadings, 30nml/min, 775 °C, 1 g catalyst; A-C: methane 
conversion, selectivity and C2 yield for each pulse; D: oxygen balance (methane based), E: 
oxygen balance (molecule specific, k3/k4 = 7), F: oxygen balance (molecule specific, k3/k4 =2) 

 

5.4.4 Catalytic tests with different silica support materials on Na2WO4/Mn/SiO2 catalysts 
Figure 35 summarizes the results of chemical looping experiments for Na2WO4/Mn/SiO2 catalysts with 

different support materials. The COK-12 supported catalyst with similar weight loadings of Na2WO4 

and Mn shows in all cases much higher catalytic activity compared to the silica gel supported catalyst 

(reference catalyst). Such an activity difference was also observed in the last subsection. The main 

difference in the support material variation is the SSA and also the dispersion of the catalyst 

compounds. Such findings reflect our hypothesis of an optimal loading of Na2WO4 and Mn on the 

support material. Therefore the support material has a tremendous effect on catalytic activity, because 

the SSA of the final cristobalit phase controls the crystallinity and oxidation state of both compounds, 

Na2WO4 and especially the Mn2O3. 

Our results are in good agreement with the results of Yildiz and Coworkers, who studied the catalyst 

on different support materials in co-feed steady state experiments. [18]  



 

 
 

 

Figure 35 - Results of chemical looping experiments on Na2WO4 (5 wt-%)/Mn (2 wt-%)/SiO2  
catalysts at different support materials, 1 g catalyst, 700 – 775 °C, 20 & 30 nml/min, 1 ml CH4 
pulse 

The results of our repetitive methane pulse experiments are shown in Figure 36 A-C. On the one hand 

the COK-12 supported catalyst shows much higher activity, which finally ends after 14 methane 

pulses.  On the other hand the silica gel supported catalyst shows still catalytic activity after 15 

methane pulses. That difference could reflect the difference of the film thickness for these catalyst 

materials. In Figure 36 D-F the oxygen balances are presented. The COK-12 supported catalyst stores 

around three times more oxygen than the silica gel supported one. On the one hand the COK-12 

supported has a much thinner film of the active compounds. Therefore the degree of crystallinity of the 

active compounds is lower and the stored oxygen is more easily available for chemical reactions with 

the methane pulses. Therefore that material is much more active during the first pulses, but the activity 

decreases faster, because the stored amount of oxygen is also faster depleted. On the other hand the 

silica gel supported catalyst has a much thicker film of the catalyst compounds. Therefore the oxygen 

is much stronger bound on the catalyst surface and in the toplayers, which cannot be removed as 

easily as for the COK-12 supported catalyst. Thus, less oxygen is removed from the catalyst surface 

by each methane pulse and therefore more pulses were necessary until no catalytic activity is 

observed. Such big differences in the oxygen storage capacity were also observed by different groups 

in different chemical looping experiments. [61–63] The most important factor is the effective oxidation 

state of the oxygen storage material, which is strongly influenced by the support material, in some 

cases by a factor up to ten. As discussed before there are several aspects which can influence the 

oxidation state of the active compounds in our experiments, too.  



 

 
 

The C2 selectivity for the COK-12 supported catalyst is in consequence by higher catalytic activity 

significantly lower, compared to those of the silica gel supported one. That is because of a competition 

between methane and C2HX activation. At low methane conversion the partial pressure of formed C2 

products is very low and therefore an activation reaction by the catalyst material is very unlikely, 

assuming a second order behavior and a consecutive reaction route. If the catalyst material is more 

active, more C2 products will be formed and therefore the C2 partial pressure increases. Thus the C2 

activation reaction becomes more relevant and causes to an apparent C2 yield maximum. 

 

Figure 36 - Results of repetitive methane pulse experiments on Na2WO4/Mn/SiO2 at different 
support materials, 30nml/min, 775 °C, 1  g catalyst; A-C: methane conversion, selectivity and 
C2 yield for each pulse; D: oxygen balance (methane based), E: oxygen balance (molecule 
specific, k3/k4 = 7), F: oxygen balance (molecule specific, k3/k4 =2) 

A direct relation between catalyst compounds and oxygen storage capacity was only found for the 

manganese system, which is presented in Figure 37 A. We plotted also three theoretical trends which 

show a projection of the amount of stored oxygen by different manganese oxide species. In all cases 

the amount of Na2WO4 is constant. It has to be noted that MnO is present on the catalyst surface as 

MnWO4, as discussed before. Therefore Mn3O4 can also be interpreted as MnWO4 + Mn2O3. 

In Figure 37 B the correlation between the film thickness and the oxygen storage capacity is 

presented. A nearly linear dependence was found at constant weight loadings of Na2WO4 and Mn, 

independent from the support material. If the number of layers of the active compounds falls below 25, 

the catalyst activity decreases dramatically in all cases. 



 

 
 

 

Figure 37 – Total stored amount of oxygen at different prepared Na2WO4/Mn/SiO2 catalyst 
materials, A – correlation between oxygen storage capacity and manganese oxide loading, B – 
correlation between oxygen storage capacity and film thickness of Na2WO4 and Mn2O3 

Jiang and Coworkers found by EPR and XANES that only the manganese ions were reduced in 

dynamic experiments. This phenomenon was discussed as oxygen-spillover effect. [23,64] They 

postulated a cooperating redox mechanism for selective methane activation according to equations 

(38)-(42). As mentioned before, Salehoun and Coworkers proposed from dynamic experiments that a 

new phase (MnWO4) is observed in their XRD spectra of spend catalysts. [24] This phase contains 

Mn(II), while on their fresh catalysts Mn2O3 is dominating, which is Mn(III). Jones et al. found that also 

MnXOY/SiO2 is active in OCM, but much less selective for C2 products. [65] Therefore the proposed 

redox mechanism of Jiang et al. has to be extended according to equations (43)-(45). Ji et al. 

demonstrated that even small amounts of tungstate will increase methane conversion and C2 

selectivity dramatically. [56] According to their findings, the reaction rates of equations (38) and (39) 

have to be much higher compared to the rate of reactions (44) and (45). Therefore the manganese 

oxide seems to contribute to the selective activation of methane by a redox mechanism via tungstate, 

but unfortunately it can also active methane in an unselective reaction and maybe also other alkanes. 

 ∗ −O ∗ −W6+ + 𝐂𝐂𝐇𝐇𝟒𝟒 → H+ − O ∗ − − W6+ − CH3
− Selective methane activation 

on tungstate 
(52) 

 H+ − O ∗ − − W6+ − CH3
− → OH−,∗ + 𝐂𝐂𝐇𝐇�̇�𝟑 + W5+ (53) 

 W5+ → W6+ + e− 

Redox mechanism 
(54) 

 Mn3+ + e− → Mn2+ (55) 
 Mn2+ + O2 → Mn3+ (56) 
 a Mn2O3 + b 𝐂𝐂𝐇𝐇𝟒𝟒 →→  2 a MnO + b 𝐂𝐂𝐎𝐎𝐱𝐱 + c H2O Unselective methane activation (57) 
 ∗ −O ∗ −Mn3+ + 𝐂𝐂𝐇𝐇𝟒𝟒 → H+ − O ∗ − − Mn3+ − CH3

− Selective methane activation 
on manganese oxide 

(58) 

 H+ − O ∗ − − Mn3+ − CH3
− → OH−,∗ + 𝐂𝐂𝐇𝐇�̇�𝟑 + Mn2+ (59) 

 



 

 
 

We found no change of the amount of OC2H4 by use of different catalyst materials, which had different 

performance during all experiments. Such an effect is only plausible, if ethylene formation is 

independent from the catalyst material and occurs in the gas phase in chemical looping experiments. 

To test such hypothesis we simulated a methane pulse with a model that combines gas phase and 

surface reactions. 

5.4.5 Simulation results 
The number of active sites was set to 1/nm² in our simulations. This was estimated from the fact that 

such a number is the monolayer coverage for a supported transient metal oxide on silica. We 

discussed that a film of several multilayers of the active compounds is present on the catalyst surface. 

Therefore we assume that around one O atom per squared nanometer is directly available on the top 

layer of the catalyst surface, while the rest is stored in sublayers.  

The result of a simulation of a methane pulse to the catalyst bed in Chemkin is shown in Figure 38.  As 

can be seen in Figure 38 – A the original parameters of Daneshpayeh et al. show only poor methane 

conversion. [11,35] This is in straight contradiction to our results in the last section.  CH2O is formed 

as an intermediate species which is formed from CH3O⋅ decomposition. Further decomposition of 

CH2O forms CO and H2. It can be seen that ethane and ethene are formed and the C2 selectivity is in 

good agreement with our results of the single methane pulse experiments in the variation of the 

specific surface areas. For a sufficient comparison at same methane conversion both surface reaction 

rates were increased by factor 300. The results of this simulation are shown in Figure 38 – B. The 

methane conversion is in the range of our observations in chemical looping experiments, now. CO is 

dominating the overall selectivity, while ethene is the major product among the C2 compounds. Ethane 

shows a typical trend of an intermediate species in a consecutive reaction pathway. This indicates that 

thermal dehydrogenation is a serious reaction pathway to convert ethane to ethene in oxygen free gas 

phase. Such a simulation supports our observation of a constant ratio of converted OC2H4 as 

mentioned in the last section. 

At this point it has to be noted that the simulation is only a rough estimation for testing our hypothesis. 

The increase of the surface reaction rates, the lack of an experimental investigation of the number of 

active sites and a well explored surface reaction network for this material indicate that a lot of 

important parameters are still missing for an adequate micro kinetic surface reaction model. Due to the 

fact, that only less amounts of hydrogen were observed in our experiments, we assume that the H2 

reduces also the catalyst material, similar to the results, which were found in temperature programmed 

reduction experiments. [16,55] 



 

 
 

 

Figure 38 - Results of a methane pulse simulation in chemkin, A: original reaction parameters 
by Daneshpan et al. [11,35], B: Surface reaction rates increased by factor 300 

5.4.6 Mechanistic aspects 
A scheme of the catalyst functionality of the Na2WO4/Mn/SiO2 catalyst is presented in Figure 39, which 

is based on the findings of other groups and ours. Na+ ions induce a phase change of the support 

material from SiO2 to α-cristobalite during the calcination procedure. [13] Such transformation allows 

for the formation of an amorphous or glassy phase of Na2WO4 and MnXOY. The constitution of this 

phase depends on the amount of both compounds and their dispersion on the support material 

surface. Furthermore, this phase has a flexible structure under OCM conditions, which is responsible 

for selective methane activation. [14,52] When the formation of this phase is complete, no crystal 

structures are detectable by XRD measurements for the impregnated compounds. This film can be 

oxidized by gas phase oxygen through adsorption (Ox*) and the conversion to top layer oxygen 

(Olattice), which may interact with sublayers, too. [25] We assume two different surface oxygen species, 

which are stored in chemical looping experiments on the catalyst surface.  Electrophilic oxygen seems 

to be responsible for selective methane activation. [26] On the other hand nucleophilic oxygen seems 

to be responsible for unselective methane activation. The selective activation of methane by 

electrophilic oxygen species results in methyl radical formation which couple to ethane. [66] It is 

unclear whether this coupling process is present on the catalyst surface or in gas phase. However, the 

combined radicals, which are an energy-rich species from an ethane molecule (C2H6*) which still 

contains the energy from these radicals. A collision partner (M) in gas phase or a solid phase is 

necessary to emit this energy to form a stable ethane molecule. [39] We assume from our 

observations that ethylene is formed in gas phase by thermal dehydrogenation in chemical looping 

experiments. This reaction is initiated by a collision of ethane and another molecule. [67] Another 

possible route is the dehydrogenation of C2H6*. During our chemical looping and repetitive pulse 

experiments we only observed small traces of hydrogen. Therefore we suppose that hydrogen 

reduces also stored oxygen on the catalyst surface and is converted into water, immediately. The 

ethylene can be activated by the catalyst to form deep oxidation products by both oxygen species. [68] 

Thus, the selective oxygen species (Oelec.) for methane activation has a contrary effect on ethene. [68] 

It has to be noted that methane and ethene C-H bond strength (439 kJ/mole and 464 kJ/mole) have 

similar stability. [69] It was reported that the ethene double bond has a bond strength of 315 kJ/mole. 

[70] A highly active catalyst in chemical looping experiments would produce high amounts of ethene if 



 

 
 

the residence time would be long enough for the thermal dehydrogenation reaction in gas phase. 

Therefore the increasing partial pressure of C2H4 would enhance the reaction rates for ethene 

activation by both oxygen species. Assuming that a strongcorrelation between rate constant and bond 

strength exists, the activation of ethene by Oelec. requires a lower partial pressure for the same 

activation rate than methane. In sum there seem to be four reaction routes, which contribute to deep 

oxidation product formation while one route is responsible for selective methane activation. At this 

point it is unclear, whether the consumption of nucleophilic oxygen is necessary for the re-formation of 

a new electrophilic active site or if this is a parallel effect. Such constellation indicates a very complex 

situation for reaching higher C2 yields by an optimization of the reaction conditions. 

 

However, the role of manganese oxide seems to be manifold, because there seems to be a selective 

methane activation reaction by a cooperated redox mechanism with tungstate, but also it plays an 

important role for the formation of deep oxidation products. Further the oxygen storage capacity in 

chemical looping experiments depends strongly on this compound. One important finding in our 

experiments is the influence of the film thickness of Na2WO4 and MnXOY on the catalytic activity. A 

thick film provides less oxygen in chemical looping experiments for methane conversion, because the 

most oxygen is stored inside of the film, which is hard to access for gas phase reactants. Thin films, 

may feel a less cooperated redox effect between Na2WO4 and MnXOY. Also, the oxygen seems to be 

less stable bound and an auto reduction reaction by oxygen desorption may occur. Both effects 

decrease the catalytic activity. Therefore an optimal film thickness is required for a performance 

catalyst in chemical looping experiments. 



 

 
 

 

Figure 39 - Proposed OCM surface and gas phase reaction network for the Na2WO4/Mn/SiO2 
catalyst in chemical looping experiments [13–19,25,26,39,66,67,71] 

5.5 Conclusion 
In this work we studied a series of Na2WO4/Mn/SiO2 catalysts in chemical looping and repetitive 

methane pulse experiments. The variation of the specific surface area of this catalyst material at 

constant weight loadings indicates that a higher SSA increases the catalytic activity. This effect is 

limited to SSA’s below 4 m²/g. Catalysts with higher SSA showed lower catalytic activity in chemical 

looping experiments. The highest activity for varied manganese loadings was found at 5 wt-% Na2WO4 

and 2 wt-% Mn in chemical looping experiments. Unfortunately, no C2 yield higher than 0.25 was 

observed. COK-12 supported catalysts were much more active compared to silica supported one. 

In our repetitive methane pulse experiments we found for all catalyst materials by oxygen balances 

that ethylene formation consumes 25 - 30 % of the total converted oxygen atoms. This indicates that 

ethylene formation is preferred in gas phase by thermal dehydrogenation in absence of oxygen. That 

was verified by simulations. The highest amount of converted oxygen was 105 µmol(O)/gcat for 5 wt-% 

Na2WO4 and 2 wt-% Mn on COK-12. We calculated an optimal surface concentration of 66 Mn(II)/nm² 

and 33 W/nm², which showed the highest oxygen storage capacity and highest catalytic activity in our 

experiments. Our results about the variation of the Mn loading indicate that this compound is 

responsible for the oxygen storage functionality of the Na2WO4/Mn/SiO2 catalyst. A theoretical number 

of layers for the active phase (Na2WO4/Mn) was calculated. The highest catalytic performance was 

observed at about 25 layers and even small deviations from that number result in less performance in 



 

 
 

chemical looping experiments for Na2WO4/Mn/SiO2 catalysts. The tungstate contributes by activity 

enhancement of selective methane activation. We assume that a multilayered redox reaction 

mechanism of this catalyst material is responsible for the OCM reaction in chemical looping 

experiments. A scheme about the Na2WO4/Mn/SiO2 catalyst functionalities during the OCM reaction 

was also presented. 
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5.8 supporting information 

5.8.1 Experimental -  Residence time analyses 
The residence time of gas pulses was analyzed by pulse marking experiments. The sample loop (1 ml) 

was filled with N2 or Ar, which was used as inert tracer gas. First the pulse was injected to the tube 

system of the setup, without reactor. After that the reactor was filled with 0.5 or 1 g catalyst material 

and heated up under He (30 nml/min). Reaching 775 °C, the tracer gas was injected to the setup with 

installed reactor. The detection of the tracer pulse was carried out by a thermal conductivity detector 

(Messkonzept 200) which was located directly at the reactor outlet. The detection of the signal was 

each 0.5 s. 

5.8.2 Modelling and simulation 

5.8.2.1 Residence time analyses 

 The residence time distribution function E(t) for each experiment was derived according to equations 

(14) and (15). The amount of tracer (ntracer) was calculated according to the ideal gas law for 1 ml gas 

at 298 K and 101300 Pa. 

 E(t) =  V̇ ⋅
c(t)

ntracer
 (60) 

 ∫ E(t) dt =  1 (61) 
   

All residence time experiments were modelled and fitted by Berkley Madonna. The experimental 

without dispersion effects of the reactor were fitted by an empirical square-pulse function. The function 

generates a rectangular signal and the fitting parameters were the delay time tdelay, the time of square-

pulse duration tdose and the amplitude of the square pulse. The delay time represents the time, were 

no tracer signal was detected and the gas pulse remains in the piping system. The time of square-

pulse duration represents the time since the complete tracer gas enters and passed the reactor. The 

amplitude of the square-pulse was set as the area of the signal is one, according to equation (15). 

The heated reactor was modelled by the dispersion model (equation (16), which has as fitting 

parameters the velocity of the flow (u) and an axial dispersion coefficient (Dax). The axial coordinate is 

expressed as z. That coefficient is correlated to the Bodenstein number according to equation (17), 

where L is the length of the reactor. 

 dc
dt

=  −u
dc
dz

+ Dax
d2c
dz2

 (62) 

 Dax =
u ⋅ L
Bo

 (63) 

The model was fitted by implementation of high number (200) of spatial segments M. Tis is shown in 

equation (18). The length of each segment is defined according to equation (19). The boundary 

condition for the M = 0 was the implementation of the squarepulse function (equation (20)). 

 
dc[1. . M]

dt
=  −u

(c[i + 1] − c[i − 1])
2 ⋅ Li

+ Dax
c[i + 1] − ⋅ c[i] +  c[i − 1]

(2 ⋅ Li)2  (64) 



 

 
 

 
Li =

L
M

 

 
(65) 

 dc[0]
dt

=  −u ⋅
�−squarepulse�tdose, tdelay� ⋅ amplitude + c[i + 1]�

Li
+ Dax

c[i + 1] −  c[i]
(Li)2  (66) 

   

5.8.2.2 Kinetic modelling of repetitive pulse experiments 

To understand the reaction routes and the consumption of stored oxygen according to Figure 40 in 

more detail the repetitive pulse experiments were fitted and simulated in Berkley Madonna. We 

assumed that each pulse is similar to batch process, where the initial concentration for methane is 

constant for each methane pulse, while the oxygen concentration decreases with each pulse.  

 

Figure 40 - Surface reaction network of the Na2WO4/Mn/SiO2 catalyst to determine a molecule 
specific oxygen balance 

The reactions were expressed according to equations (67)-(70), where N is the total number of 

methane pulses, which were 15. 

 R1[1. . N]  =  k1 ∗  CH4  ∗  O[i] (67) 
 R2[1. . N]  =  k2 ∗  C2H6[i]  ∗  O[i] (68) 
 R3[1. . N]  =  k3 ∗  C2H4[i]  ∗  O[i] (69) 
 R4[1. . N]  =  k4 ∗  CH4  ∗  O[i] (70) 
 

The fitting parameters were the rate constants k1 – k4. The ratio of k3/k4 was set in the first run to 7 

and in a second simulation to 2. For each repetitive pulse experiment the first four methane pulses 

where fitted to the presented parameters, getting a higher model precision. The initial concentration of 

oxygen was set according to the calculated ones by methane based oxygen balance, which is 

presented in the manuscript (Table 1). If N is 1 the total amount of stored oxygen was set as initial 

parameters. That was subtracted for the next pulse by the amount of converted oxygen (equation 

(71)). 

 O[i + 1] = Ototal −�Oconverted[i]
i

 (71) 

 



 

 
 

The amount of methane was derived according to the ideal gas law. We assume 1 ml gas, 298 K and 

101,300 Pa. The initial concentrations were set according to equation (72). 𝑉𝑉𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 stands for the free 

gas space in the catalyst bed. 

 cX =
nX

Vspace
 (72) 

 

The free space was estimated according to equation (73), where the volume of the catalyst bed (ca. 6 

cm³ = 1 g catalyst) were multiplied by the void fraction 𝜖𝜖  which was assumed to be 0.45. That value is 

common for several fixed beds. [1] 

 Vspace = 𝑉𝑉𝑠𝑠𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜 𝑏𝑏𝑠𝑠𝑏𝑏 ⋅ 𝜖𝜖 (73) 
 

The material balances were derived according to equations (74)-(79). 

 d(CH4[1. . N])
dt

 =  −2 ⋅ R1[i]  −  R4[i] (74) 

 d(C2H6[1. . N])
dt

 =
1
2
⋅ R1[i]  −  R2[i] (75) 

 d(C2H4[1. . N])
dt

 =  R2[i] −
1
2
⋅ R3[i] (76) 

 d�CO2; C2H4[1. . N]�
dt

 =  2 ⋅ R3[i] (77) 

 d�CO2; CH4[1. . N]�
dt

 =  R4[i] (78) 

 d(CO2[1. . N])
dt

 =  CO2;C2H4[i] + CO2;CH4[i] (79) 

5.8.2.3  

The residence time was set according to our findings of the residence time analyses experiments, 

which are discussed in the next section. 

5.8.2.4 Simulations of repetitive pulse experiments 

According to our fitting results, the kinetic model was used to simulate 15 methane pulses. The 

decrease of stored oxygen was considered for each methane pulse as presented in the last 

subsection. The final concentrations for each pulse of the formed products (C2H6, C2H4, CO2; C2H4 

CO2; CH4) were used to calculate the molecule specific amounts of converted oxygen (OC2H6, OC2H4, 

OCO2,C2H4 and OCO2,CH4), according to Figure 40 for k3/k4 = 7 and 2. Finally the amounts of converted 

oxygen for all 15 pulses were summed up (Ototal) and the ratio of OX/Ototal was derived. 

5.8.3 Results 

5.8.3.1 Residence time analyses 



 

 
 

The experimental results of tracer pulses of the piping system are presented in Figure 41 A. The final 

fitting parameters are presented in Table 14. These parameters were used to fit the experimental 

results of the residence time analyses with reactor at OCM conditions. This is presented in Figure 41 B 

for 1 g catalyst. The final value of the Bodenstein numbers were 26.5 (0.5 g cat) and 26.8 (1 g 

catalyst), which indicates strong dispersion effects. The pulse width was set as residence time (τ) of 

the kinetic model, which was 50 s. 

Table 14 - Fitting results of residence time experiments 

Parameter Final value 
𝐭𝐭𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝 16.98 [s] 

𝐭𝐭𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝 20.35 [s] 

amplitude 0.049 

 

 

Figure 41 - Results of experimental and simulated residence time distribution functions of 1 ml 
tracer and 30 nml/min. A – tracer pulse through tube system without reactor, B – tracer pulse 
through tube system and reactor at 775 °C, 1 g catalyst 

 

5.8.3.2 Modelling of repetitive pulse experiments 

The results of the repetitive pulse fitting procedure are listed in Table 15. Variation of the specific 

surface area of the Na2WO4/Mn/SiO2 catalyst has a smaller influence on the rate constants as the 

variation of the manganese oxide loading.  

  



 

 
 

 

Table 15 - Fitted rate constants of repetitive methane pulse experiments 

Variation 
k3/k4 = 7 [ml/(mole⋅s)] k3/k4 = 2 [ml/(mole⋅s)] 

k1 k2 k3 k4 k1 k2 k3 k4 

Mn  

(COK-12) 

1.00 w-

% 
3109 2283 12 84 3109 2283 42 84 

1.90 w-

% 
1183 2997 21 150 1183 2997 75 150 

2.80 w-

% 
1709 1651 8 54 1675 1616 83,5 167 

3.70 w-

% 
1246 654 4 30 1278 589 49 98 

Aspec  

(COK-12) 

2.3 m²/g 976 516 4 30 957 501 31 62 

2.6 m²/g 1375 713 6 40 1349 691 46,5 93 

3.2 m²/g 1513 814 7 47 1476 787 60 120 

4.2 m²/g 1335 709 7 47 1358 694 50 100 

Reference catalyst 1990 1713 3 21 1939 1647 23 46 

 

5.8.3.3 Simulation of repetitive pulse experiments 

The calculated amounts of C2H6, C2H4 and CO2 of the first four methane pulses from experiments and 

simulations are presented in Figure 42 as parity plot. The kinetic model shows adequate reliability to 

calculate to amounts of each reactant. Based on these models, the amounts of oxygen for each 

reaction were calculated.  

 

5.8.4 References 
[1] M. Kraume, Einphasig durchströmte Feststoffschüttungen, in: Transportvoränge in der 

Verfahrenstechnik, 2012: pp. 247–273. 

 



 

 
 

 

Figure 42 - Parity plot of the initial four 1 ml CH4 pulses for all catalyst materials in repetitive 
pulse experiments vs. simulation results at different ratios of k3/k4. A- C k3/k4 = 7; D-F k3/k4 =2 
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